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1-1 INTRODUCTION

1-1.1  Motivation for the development of visible-light harvesters.

Prehistoric man discovered fire. Ever since that momentous occasion, there has existed
an ideology of utilizing the planet’s natural resources for proliferation, sustenance, and
personal comfort. The trouble being we seem to have, in large part, viewed this luxury
as an infinite resource, especially starting from the end of the nineteenth century. The
industrial revolution that spread over the world by the end of nineteenth century marked
a new era in the history of human kind. These results in high consumption of fossil fuels,
causing three primary global problems: depletion of fossil fuels, pollution, and climate
change. Figure 1.1 shows world power consumption in the past, its current status and
two future forecasts based on different approaches: 1. “use what’s cheapest, no

environmental concern”, 2. “save the planet, invest in the future now”.

Pure Economist’s Path:

Use what's cheapest, no environmental concern

——— All Other Renewables

1900 1950 2000 2050 2100 2150 2200

TW/Yearr

Low CO, Path: Invest in the future now

E 20 ——
§_) 15 Solar
E 10
5
|_ 0 All Other Renewables |

1
2050 2100 2150 2200
Year

1
1900 1950 2000

Fig. 1.1 World power consumption [1].
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In both future forecasts shown in figure 1.1, the world is forced to make another
worldwide revolutionary technological transition due to depletion of resources.
However, the largest challenge for our global society is to find ways to replace slowly
but inevitably vanishing fossil fuel supplies by renewable resources and, at the same
time, avoid negative effects from the current energy system on climate, environment,

and health [2].

In view of the severe future ecological impacts of energy production by combustion of
fossil fuels, solar energy is seriously considered as an alternative. Therefore, direct
utilization of solar radiation to produce electricity is close to an ideal way to utilize the
nature's renewable energy flow. This is because solar energy converters such as solar
panels themselves operate without noise, toxic and greenhouse gas emissions, and
require very little maintenance. With all that said, the concept of solar energy converters
is accepted by most regulators, engineers, and those in the general public who
acknowledge that gas emissions affect the environment. It is everyone’s responsibility
on this planet to not only reduces the impact that gas emissions make, but to also
ameliorate the damage that industrialization has caused thus far. Moreover, not all
energy generation need to produce effluent. The solar energy is a very potential leading

renewable energy source since it does not produce effluent and it is readily available.

1-1.2 Availability of light on mother planet earth

Citing data from recent observations, Stephen Hawking [3] noted that “normal matter
(mainly the sun) is only 5 percent of the energy density of the known universe; 27
percent is dark matter, 68 percent is dark energy.” Never the rest, it is everyone's

responsibility to find the way of how to utilize the 5 percentage of the energy available.
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The sun is the nature’s renewable energy flow since it is about half way through its
evolution to its next stage, so theoretically, it will shine for the next six billion years [4].
Based on its long life and accessibility, solar energy is indeed a very potential leading
renewable energy source. From these, there is no doubt that solar energy is a renewable
resource and it will be always available. For practical purposes, it is an infinite energy
source. Peippo [5] demonstrated that the sunlight is accessible forever and nearly
everywhere. Near the earth surface, the sun produces 0.2—0.3 mol photons mh™ in the
range of 300-400nm with a typical UV flux of 20-30 Wm™ [4]. This suggest the use
of the sunlight as an economically and ecologically sensible light source. Figure 1.2

shows the standard AM1.5 global solar spectrum.
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Fig. 1.2 The standard solar spectra irradiance (AML1.5 global = one sun). Shown data

are from http://www.pv.unsw.edu.au/am1.5.html.

Solar energy converters with high reactivity under VIS-light may allow utilizing the
main part of the solar spectrum or interior lighting. Based on global standard solar

spectrum in figure 1.2, ultraviolet light makes up 3 — 5 % of the solar spectrum, whereas
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the spectrum consists of ~ 40 % visible light [6]. Therefore many researchers have been
and are still trying to shift the solar energy converters™ threshold to use visible light in
high efficiency under sunlight irradiation and widen the spectrum wavelength greater
than 400 nm [8-11]. The use of heat-treatment is essential in the manufacturing

processes of many highly functional materials and solar energy converters [8].

1-1.3 Electronic structure of a semiconductor

Most of the highly functional industrial materials and solar energy converters are made
up of semiconductor materials. A suitable semiconductor must be identified based on
its: stability, reactivity, toxicity, availability and capability to move photo-generated
electrons proceed under mild conditions at room temperature, normal atmospheric
pressure and under light irradiation. In order one to be able to identify a suitable
semiconductor, it is always important to understand the electronic structure of a

semiconductor.

To start with, atoms and molecules are the essential building blocks of all things. The
manner in which things are “constructed” with these building blocks is vitally important
to their properties and how they interact. When molecular orbitals are formed from two
atoms, each type of atomic orbital gives rise to two molecular orbitals [12]. When N
atoms are used, N molecular orbitals are formed. In solids, N is very large, resulting in a
large number of orbitals. The overlap of a large number of orbitals leads to molecular
orbitals that are closely spaced in energy and so form a virtually continuous band [13,
14]. Figure 1.3 shows the change in the electronic structure of a semiconductor
compound with increasing number of monomeric units N. The overlap of the lowest

unoccupied molecular orbitals (LUMO) results in the formation of a conduction band
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and a valence band is formed from overlapping the highest occupied molecular orbitals
(HOMO). The band separation is known as the band gap (Eg), a region devoid of energy
levels. From the illustration shown in figure 1.4, the reduction in the band gap size with

the formation of bands can clearly be seen.
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Fig. 1.3 Change in the electronic structure of a semiconductor compound with

increasing number of monomeric units N [13, 14].
1-1.4 How is semiconductor differing from insulator and the metal?

Figure 1.4 can helps one to differentiate between a semiconductor from metal and
insulator. In metal such as in silver, the conduction band and valence band lie very close
to each other in which electrons move freely [13]. Metals are good conductors because at
their Fermi level, there is a large density of energetically available states that each
electron can occupy. Electrons can move quite freely between energy levels without a

high energy cost. Insulators, by contrast, are very poor conductors of electricity because
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there is a large band gap between electron-occupied energy levels and empty energy

levels that allow for electron motion.

Large energy gap, means no electrons can
Energ_y reach the conduction band.
conduction band The band gap is small enough that thermal energy can
bridge the gap for a small fraction of the electrons.
i_lovel There is no band gap since the valence
Fermi-leve band overlap the conduction band.
conduction band
conduction band
Overlap
valence band valence band valence band
+

(a) Insulator (b) Semiconductor (a) Conductor

Fig. 1.4 The different between insulator, semiconductor and conductor.

Semiconductors are defined by their unique electric conductive behavior.
Semiconductors absorb light radiation with the threshold wavelength that provides
sufficient photon energy to overcome the band gap between the valence and conduction
bands [15]. This threshold wavelength, required to promote the excited state,
corresponds to the minimal photon energy and depends on the band-gap energy. Figure
1.5 show how a general semiconductor can be excited when received minimum photon

energy.

Due to this behavior, metal oxide semiconductor materials such as TiO,, ZnO, MoOs,
SnO;,, CuO, CoO, Co30,etc have been extensively studied due to their unusual catalytic
and optoelectronic properties [11, 16, 17]. Figure 1.6 shows the various band positions

of different semiconductors.

Although many semiconductors have smaller band gaps and absorb in the visible range
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(e.g. CdS and Fe,O3 with band-gap values of 2.5 and 2.3 eV, respectively), just a few of
them are catalytically active because the energy levels of either the conduction or
valence bands are unsuitable to construct light-harvesting assemblies and facilitate
photo-induced charge separation processes (e” and h*), a necessity for the follow of the
electrons or reduction-oxidation (redox) reaction. This limitation, together with poor
photo-corrosion stability of many semiconductors, limits significantly the number of

potential light-harvesting materials.

Figure 1.7 shows the primary processes that occur when a semiconductor is excited
upon received minimum photon energy in the presence of O, and H,O, which
corresponds to an aqueous phase or atmospheric environment. The photo-formed
electrons and holes generate active oxygen species such as O, and OH radicals,
respectively. This process is known as a photocatalytic reaction and semiconductor is

act as photocatalyst [9, 18].

Conduction band (CB)

Fig. 1.5 Excitation of semiconductor: e—h+ pair formation by illuminated a metal

oxide semiconductor particle.
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Fig. 1.6 Band gap energies of various semiconductors in an aqueous electrolyte at pH =
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Fig. 1.7. How semiconductor act as a photocatalyst.
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Flowcharts of Equations 1.1-1.5 illustrate the primary processes that happen when the

titania as semiconductor is excited in the presence of H,O and O:

TiO, +hv = eg + hfy oo v v (LL1)
h + Hz0adsyp = HO® + HY oo e e (12)
hiy + OHge = HO® oo e o e e e e (1.3)
205"+ H,0 = 2HO® + 20H™ 4+ 03 vv cev et v e e e e e (1.5)

For a semiconductor to be capable of producing hydroxyl radicals, the potential of the
valence band must be greater than the potential of OHe. From figure 1.6, it can be seen
that ZnO, TiO,;, WO3 and SnO, have the potential to produce hydroxyl radicals.
Large-band-gap semiconductors are therefore the most suitable for photo-induced
charge separation processes, because they provide sufficient negative and positive redox
potentials in conductance bands and valence bands, respectively. The disadvantage of
using wide band-gap semiconductors is the requirement for high energy input. Hence,
the photoresponse of these semiconductor is low under the sunlight because the part of
the solar spectrum in the UV region is small (<4%), e.g. the band gap of TiO, anatase is
3.2 ¢V and rutile is 3.0 eV corresponding to an absorbance threshold, A = 388 and 415

nm respectively [19, 20].

1-1.5 TiO; as promising and industrially functional semiconductor material
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Among the oxides, materials scientists are overwhelmingly interested in the
fundamental aspects and applications of semiconducting wide band-gap oxide materials.
These types of materials show a wide range of electrical and optical properties. They
can be transparent in the visible and infrared (IR) range. Most of the wide band-gap
semiconductors illustrated in figure 1.6 especially metal oxides and sulfides such as
TiOy, ZnO, ZnS, WO3, CdS, Fe,03 etc., are commercially available and investigated in
the literature in photocatalytic processes [6, 21]. However, only few of them are
appropriate for efficient photocatalytic reaction of a wide range of organic and metal
compounds. Of all the semiconductors tested in laboratory, TiO, has been proven to be
the most suitable for widespread applications [9]: from paint to sunscreen to food
coloring to photocatalyst, hydrogen production, storage medium, sensors, solar cells,

and various biological and health-related applications.

ZnO is unstable due to inappropriate dissolution to yield Zn(OH), on the ZnO particle
surfaces and thus leading to catalyst inactivation over time [22]. Although WO3can be
activated in the visible light up to 500 nm, it is generally less photocatalytically active
than TiO, [23]. Hematite (a-Fe,O3) is also absorptive in the visible range (absorption
onset = 560 nm) but shows much lower photocatalytic activity than TiO, [24]. CdS does
not show photocatalytic activity like TiO, but it has been extensively studied because of
its spectral response to wavelengths of the solar spectrum. Its usage is however, limited
due to photo-corrosion property [25, 26]. The photocatalytic activity of ZnS has not
received as much attention as TiO, because of its generally poorer catalytic efficiency

and photo instability [27].
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In this thesis, titanium dioxide (TiO,), also known as titanium (I\V) oxide or titania,
which is a naturally occurring oxide of titanium will be studied. TiO; is a
wide-band-gap semiconducting, highly reactive, non-toxic, and cost-efficient material
and the movements of photo-generated electrons proceed under mild conditions at room
temperature, normal atmospheric pressure and under light irradiation, making
light-harvesting a much desired ecologically environmentally-harmonious. It is also an
extremely stable material even in the presence of aqueous electrolyte solutions, much
more so than other types of semiconductor that has been tried. In fact, TiO,
semiconductor is presently the most actively and widely investigated for applications
that can effectively address environmental pollution [28]. However, extensive research
continues to further optimize this technology in order to develop a new
visible-light-driven TiO, nano-based thin film that can use visible light in high
efficiency under sunlight irradiation and widen the spectrum of potential applications.
Development of material engineering in the nanometer scale has generated new
photonic materials and systems that could potentially lead to realization of high

efficiency and low-cost light harvesting material.

1-1.6 Why nanoparticles are interesting?

It has been said that a nanometer (nm) is “magic point on the length scale, for this is the
point where the smallest man-made devices meet the atoms and molecules of the natural
world” [29]. Indeed, the public is becoming aware the quote of the chemist and Nobel
Laureate, Richard Smalley: “Just wait-the next centrury is going to be incredible. We
are about to be build things that work on smallest possible length scales, atom by atom.

These little nanothings will revolutionize out industries and our lives” [30]. So what are
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these “nanothings” that are going to change our lives? Perhaps the best way to begin is

to compare nanothings with small things in our world.

Figure 1.8 compares the size of bacteria, virus, nanocrystals and the Buckminster
fullerence molecule. We can note that bacteria are huge in comparison and it is helpful
to realize that the volume of one Bacillus cereus bacterium could hold a million 5 nm
nanoparticles. These illustrations help make the point that nanocrystals, particularly in
the 1-10 nm range (100 to 70 000 atoms) serve as bridges from the molecules to

condensed matter.

100 nm | Nanoscopic Dimenstions 11.0nm
1000A | >
Pollio Virus 10A
Immunoglobin
(8x) Nucleus of
Mamalia cell
Nanoparticles
10x
I?Eacte)riaforrk‘ v Fullerene (Cqo)
v
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(Red Blood CeII)\,.__\___/ / ) ., Yaioms

CsRb K NaLiH
Fig. 1.8 Size comparisons of nanocrystals with bacteria, viruses, molecules and atoms.

After the understanding of what are nanoparticles, one of the first and most natural a
question to ask when starting to deal with nanoparticles is: “why are nanoparticles so

interesting”? Why even bother to work with these extremely small structures when
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handling and synthesis is much more complicated than that of their macroscopic
counterparts. The answer lies in the nature of and unique properties possessed by
nanostructures. As technology advances and devices enter nanodimensions, it is
imperative for us to understand the science and properties of materials at this scale.
Moreover, literature survey reveals that about 18,000 publications, including papers and

patents, have been published on nanocomposites in the last two decades [31].

It has been reported that at the nanoscale (below about 100 nm), a material’s property
can change dramatically. In this size range intrinsic, properties change due to size alone.
For semiconductors such as TiO,, ZnO, CdS and Si, band gaps change. In some cases,
for band gaps in the visible spectrum, this means that colors can change with size
change in the 1-10 nm range. The special properties of nanomaterials tabulated in Table
1 are the mainly due to quantum size confinement in nanoclusters and an extremely

large surface-to-volume ratio relative to bulk materials [32].

With only a reduction in size and no change in the substance itself, materials can exhibit
new properties such as electrical conductivity, insulating behavior, elasticity, greater
strength, different color, and greater reactivity-characteristics that the very same

substances do not exhibit at the micro- or macro scale. For example,

1. By the time gold crystals are just 4 nm across, the melting point drops to 700 K
from its “encyclopedia value” of 1337 K [34].

2. White crystals such as those of ZnO and TiO, are used as paint pigments or
whitening agents, but they become increasingly colorless as the crystals shrink in
size, and ZnO and TiO; colloids become invisible to the human eye below about 15
nm [31].
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3. Aluminum-can spontaneously combust at the nanoscale and has been used as rocket
fuel.
4. Nano-scale copper becomes a highly elastic metal at room temperature. It can be

stretched up to 50 times its original length without breaking.

Table 1 Adjustable properties of nanomaterials [33].

Properties Examples

Catalytic Better catalytic efficiency through higher surface-to-volume
ratio.

Electrical Increased electrical conductivity in ceramics and magnetic
nanocomposites, increased electric resistance in metals.

Magnetic Increased magnetic coercivity up to a critical grain size, super
paramagnetic behaviour.

Mechanical Improved hardness and toughness of metals and alloys, ductility
and super plasticity of ceramics.

Optical Spectral shift of optical absorption and fluorescence properties,
increased quantum efficiency of semiconductor crystals.

Sterical Increased selectivity, hollow spheres for specific drug
transportation and controlled release.

Biological Increased permeability through biological barriers (membranes,

blood-brain barrier, etc.), improved biocompatibility.

Moreover, figure 1.9 shows another good example on how the building blocks of gold
particles, from atomic to the mesoscopic, can result in changing colors [34]. Collections
of gold particles can appear orange, purple, red or greenish, depending upon the specific
size of the particles making up the sample. Color changes can be largely explained by
classical electromagnetic scattering theory, Mie theory. In 1908, Mie explained the
colors of colloidal metals, and in particular those of gold, “quantitatively” by solving
the fundamental problems of absorption and scattering of light by small spheres [35].
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The solution to this generic problem now bearing his name unofficially, though Debye
carried out a similar independent investigation for completely different reasons at about
the same time [36]. Since Mie’s work, numerous researchers have investigated the
properties of metals because of their unusual optical properties. Like gold nanoparticles,
silver nanoparticles possess plasmon resonance in the visible spectrum, which gives rise
to colors. This is due to the surface plasmon-oscillation mode of the conduction
electrons that are coupled through the surface to the external electromagnetic field [37].
As we will see in literature review chapter (Chapter 2 of this thesis), gold, silver and
copper are very attractive subjects for these investigations, while the d-band metals such

as platinum, iridium and rhodium are optical less exciting.

Gold building blocks

Atomic: colorless, 1 A

Gold clusters: orange,
nonmetallic, 1<nm

Gold nanoparticles: 3-30 nm,
red, metallic, “Transparent”

Gold partiles:30-500 nm turbid,
metallic, crimson to blue

o
‘

Fig. 1.9. Gold building blocks from atomic to the mesoscopic, and their changing colors

Bulk gold film

[34].

1-1.7 Evolution of nanomaterials and the definition of nanotechnology
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After the pioneering works of Efros and Efros, 1982 [38] and Brus, 1984 [39] on the
size quantization effect in semiconductor nanoparticles, research on nanostructured
materials has generated great interest in the scientific community. Tremendous
opportunities in science and technology are now possible because of the new properties
exhibited by these materials and the challenging problems in theoretical physics
associated with the new properties [40, 41]. In general, ‘nanotechnology’ is the
engineering of functional systems at the molecular scale. In its original sense,
nanotechnology refers to the projected ability to construct items from the bottom up,
using techniques and tools being developed today to make complete, high-performance
products [42]. As nanotechnology became an accepted concept, the meaning of the
word shifted to encompass the simpler kinds of nanometer-scale technology, which
come along with fabrication of nanostructured material. It is well understood that
exploiting quantum property changes at the nanoscale as we illustrated in the previous

section, is the key to nanotechnology's novelty, power and potential [43].

Through nanoscale manipulation, scientists have been dramatically transforming
existing bulks materials and designing new nanoscale one. Nano-size has the potential
for revolutionizing the ways in which materials and products are created and the range
and nature of functionalities that can be accessed. Figure 1.10 shows the part, present
and the way forward regarding nanotechnology [42]. Today, companies are now
manufacturing nanoparticles for use in hundreds of commercial products—from
crack-resistance paints [44] and resistant clothing to odor-eating socks, self-cleaning
windows, and anti-graffiti coating for walls. For instead, exploiting the antibacterial
properties of Ag NP, Smith and Nephew developed wound dressing (bandages) coating
with silver nanocrystals designed to prevent infection [45]. This is already having a
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significant commercial impact, which will assuredly increase in the future.

Macro Micro Nano
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Fig. 1.10. Evolution of science and technology and the future.

1-1.8 Synthetic methods of nanomaterials

There are two general ways available to produce nanomaterials [46—48] as shown in
figure 1.11. One is to start with a bulk materials, involve use of energy to break it into
smaller pieces using mechanical, chemical or other form of energy (top-down).
Examples of top-down are milling, mechano-chemical processing, etching,

electroexplosion, sonication, sputtering, and laser-ablation.

An opposite approach involve atoms [50], molecules [51], clusters and nanoparticles

[52, 53] can be used as functional building blocks for fabricating advanced and totally

18| Page



new phases of condensed matter on the nanometre length scale mainly via chemical
reaction (bottom-up). The example for bottom-up include methods such as sol-gel,
aerosol, MPM, CVD, electrospinning, template synthesis, self-assemble, and atomic
condensation. Both approaches can be done in either in gas, liquid, supercritical fluids,

solid states or in a vacuum [54].

vAg
e
ENERGY
SYOPRCIS mmp
v Vo <1':|
o v v
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Fig. 1.11. Two basic approaches to nanomaterial fabrication: Top-down approach (from

left to the right). Bottom-up approach (from right to the left) [46, 49].

Using a bottom-up approach gives the opportunity to produce nanoparticles between 1
and 100 nm [46, 49]. Bottom-up also gives the advantage of producing stable
nanoparticles compared to nanoparticles produced with a top-down approach, because

the nanoparticles are placed in defined crystalline structures [55].

1-1.9 Plasmonic properties of silver in visible light energy conversion

It is also well known that using silver nanoparticles (Ag NP), light can excite the
collective oscillations of the free electron density, also known as plasmon resonances

[56, 57]. The excitation of plasmon resonances is a unique property of Ag NP and
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represents the most efficient mechanism by which light interacts with matter.
Theoretically, the excitation of plasmon resonances on a NP can be named either as
surface plasmon resonance (SPR) or localized surface plasmon resonance (LSPR) [58].
When particles are small as compared to the wavelength of incident radiation, the entire
particle experiences the same phase of the incident radiation. For Ag NP, this mainly
occurs around the 400 nm wavelength, a phenomenon known as SPR. The excitation of
plasmon resonances in NPs produces a local electromagnetic field that extends from the
particle surface and into the surrounding environment [59, 60]. This field is ‘enhanced’
as compared to the incident field and is a concentration of the incident field between the
particles. The condition is that, NP must be large enough (c.a. 10 or more atoms) to have
free electron density, but be small enough (less than the wavelength of visible light) that
the optical properties change with particle size, shape, and local environment [60, 61].

Figure 1.12 shows how size and shape influence the position of Ag NP plasmon band.

As the particle dimensions become larger, the different areas experience different phases
resulting in the formation of multiple plasmon modes. The increase in bandwidth is also
a result of radiative damping of the plasmon oscillations in the NP. The efficient
emission (scattering) of photons reduces the lifetime of the plasmon oscillations and
broadens the plasmon band, a phenomenon known as LSPR [60]. However, the overall
plasmon coupled peak depends on the particle size and shape, distance between, nature

of the supporting substrate, and local dielectric environment [61, 63].

Titanium dioxide displays photocatalytic behavior under near-ultraviolet (UV)
illumination. In another scientific field as shown above, it is well understood that the

excitation of localized plasmon resonance on the surface of silver (Ag) nanoparticles
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(NPs) causes a tremendous increase of the near-field amplitude at well-defined
wavelengths in the visible region [64]. The exact resonance wavelength depends on the
shape and the dielectric environment of the NPs. These optical properties of Ag NP,
make Ag NPs attractive to be incorporated into TiO, as composite. The fabrication of

Ag/TiO, composite structure is therefore the main part of this research.
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Fig. 1.12. Extinction (black), absorption (red), and scattering (blue) spectra calculated

for Ag nanoparticles of different shapes. Reprinted from Ref. [62].
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1-1.10. The significance of composite structures

Composite materials (also called composition materials or shortened to composites)
are materials made from two or more constituent materials with significantly
different physical or chemical properties, that when combined, produce a material with
characteristics different from the individual components. The individual components
remain separate and distinct within the finished structure. The new material may be
preferred for many reasons: common examples include materials which are stronger,
lighter or less expensive when compared to traditional materials. The earliest man-made
composite materials were straw and mud combined to form bricks for building
construction. This ancient brick-making process was documented by Egyptian tomb
paintings. Wattle and daub is one of the oldest man-made composite materials, at over
6000 years old [65]. Concrete is also a composite with inorganic material, and is used
more than any other man-made material in the world. The use of composite makes it
possible to provide: an increase by a factor of 2-3 in engineering life, an increase in
operating reliability under severe manufacturing conditions, a reduction in loss due to
corrosion, and a reduction in transport and operating expenditure [66]. The ergonomic
nature and design of a final object in the case of using composites may lead to

improvements.

1-1.11. Fundamental aspects of metal oxides as composites

Within the class of inorganic materials, oxide-based compounds show the most diverse
range of properties. Because of their fundamental properties and obvious utility in

applications, significant efforts have been invested in the growth of oxides as composite
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and as thin films. Various classes of metal oxides are schematically represented in

flowchart below.

Ferromagnets Ferroelectrics
eg. CrO, eg. BaTiO,
Insulators
eg. Al,O,, ZrO,, Semiconductors
MgO, BeO g. Zn0, Sn0,, TiO,,
i CuAlO,
Ferrimagnet
eg. Fe,0, Metal
oxides
High conductor Supersemiconductors
eg. STRUO; eg. YBa,Cu;0,,

Flowchart 1.1. Classifications of metal oxides [21]

The electronic properties of these materials mainly depend on the nature of cation—
oxygen bonding, which is explained either by solid-state band theory or by ionic
bonding concepts from solid-state chemistry or by combining aspects of both
approaches [67]. For example, a closed-shell compound such as Al,O3 is an insulator
displaying large band gaps. In many cases, these insulators can serve as effective host
materials for efficient luminescence when doped with rare earth or transition metal

cations.

Moreover, metal oxides containing transition metal cations can yield high conductivity
materials, such as SrRuOj; [68] or even superconductors, as with YBa,CuzO; [69].
Collective phenomenon involving electric dipole interactions in insulators yields
ferroelectrics such as BaTiO3 [70]. Unpaired electron spin in some oxides results in
ferromagnetism, as in CrO,[71] or ferrimagnetism, as in Fe3Oq4 [72]. In addition, many
oxides display interesting metal—insulator transitions that are dependent on temperature
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(eg, V20s3), pressure (eg, NiO), or magnetic fields (eg, (La,Sr)MnOs) [73]. Among these
oxides, materials scientists are overwhelmingly interested in the fundamental aspects
and applications of semiconducting wide band-gap oxide materials such as titanium

dioxide (TiOy).

2-1.12. Modification of TiO; to be active under visible light

Today it is well known that titanium dioxide is an n-type semiconductor that has a band
gap of 3.2 eV for anatase, 3.0 eV for rutile, and ~3.2 eV for brookite [74]. This
obviously illustrate that all polymorphs of titanium dioxide have wide band gap that
cannot respond to visible light. Fortunately, in addition to the metal oxide
semiconductor properties of TiO,, whose primary function is to absorb light energy,
several other components can be added to modify the TiO, semiconductor system based
on their application and improve overall efficiency. However, a major drawback of TiO,
is the large band gap. Titanium dioxide can only be activated upon irradiation with a
photon of light <400 nm, limiting its use under solar irradiation [8, 10]. Therefore, in
order to utilize TiO; to its full potential it is necessary to decrease the band gap size to
facilitating visible light absorption. Therefore many researchers are concentrating on
how to improve the material available in order to harvest this vast amount of light by
shift the threshold of the photo-response of TiO; into the visible region through doping

TiO, with a foreign substance [11].

All the efforts to improve the activity of TiO, can be categorized into three approaches.
First, many researchers attempted to improve the quantum vyield. It was found that,
among other factors, the crystal structure [75], the presence of hydroxyl groups on the

surface [76], and the presence of oxygen deficiencies affect the photocatalytic activity
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[78]. Second, attempts have been made to enhance the photocatalytic activity by
extending light absorption from the UV region into the visible region: a considerable
increase in the photocatalytic activity in the visible region has been observed in
nitrogen-doped titanium oxide (TiOxNy) [79]. The photo absorption of TiO, can be
extended to the visible region by doping with nitrogen, carbon, and a few other
elements [80]. However, the doped materials suffer from lower absorbance than
undoped TiO, and fast e/h" recombination rates, which ultimately limits their

photochemical activity.

Third, successful attempts have been made to suppress the recombination of
electron-hole pairs in TiO,. There the deposited particles act as electron traps aiding
electron-hole separation [16]. A question that arises is why not using a thicker TiO, film
to observe a much higher photocatalytic activity? It has been reported that the
absorption coefficient and refractive index are 90 cm™ and 2.19 at a wavelength of 380
nm, respectively [81]. The values indicate that thick TiO, is opaque like a mirror. Thus
an appropriate thickness for the TiO; layer in order to have an overall high transmission
is estimated to be less than 100 nm. In other words, it is impossible to enhance

photoresponsive activity with thick TiO».

This thesis forms part of a fourth approach, namely; synthesising a plasmonic
visible-light responsive thin film. Yes the doping of TiO, with other substances is a very
promising method to achieve visible light response TiO,. Noble metals deposited or
doped on TiO, (Pt, Au, Pd, Rh, Ni, Cu, Sn and Ag) show various effects on the
photocatalytic activity of TiO, by different mechanisms [82, 83]. Recently, Christopher

et al.,, 2010 [84] report that composite materials composed of optically active Ag
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nanostructures and TiO, photocatalysts show enhanced photoactivity compared to the
pure TiO; in the decomposition of methylene blue. Wu and his colleague, 2010;
prepared montmorillonite (MMT)-supported Ag/TiO, composite (Ag/TiO,/MMT)
through a one-step, low temperature solvothermal technique. This Ag/TiO/MMT
composite exhibits high photocatalytic activity and good recycling performance in the
degradation of E. coli under visible light. The high visible-light photocatalytic activity
of the Ag/TiO,/MMT composite is ascribed to the increase in surface active centers and
the localized surface plasmon effect of the Ag nanoparticles. Therefore, the Ag/TiO;
composite materials with excellent stability, recyclability, and bactericidal activities are

promising photocatalysts for application in decontamination.

Moreover, the electrical conductivity of titania is around 10*2 ohm cm at 25 °C and the
electrical conductivity of silver is around 10~° ohm cm. Doping Ag into the TiO, matrix
to fabricate a Ag/TiO, composite thin film does enhance the composite’s electrical
conductivity [85]. In fact, it is well reported that the reduction in electrical resistivity of
TiO, causes an increase in photo-response activity and decreased the recombining
probability of the photogenerated electrons and holes in titania [86, 87]. Therefore, the
fabrication of Ag/TiO, composite structure is necessary for the improvement the
functional structure of TiO,. However, competing factors which can negatively affect
photoresponsive activity include; (1) reduced access of TiO, to light, given high Ag
surface coverage, (2) Ag blockage of active TiO; sites, (3) poor Ag dispersion, (4)
increased recombination rates when doped to higher than optimal levels, and (5)
inhibition of the role of O, due to scavenging of electrons by Ag deposits need a further

investigations [88, 89].
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1-1.13 Techniques for synthesis Ag/TiO, nanostructures

Fabrication of Ag/TiO, composite thin films is performed using various techniques,
each of which offers a unique set of advantages and disadvantages; currently, it remains
unclear which of these will eventually prove to be the most effective. Physical
techniques such as thermal evaporation and sputtering involve atom by atom, molecule
by molecule growth, or ion deposition on various materials in a vacuum system [21].
Ag-TiO, films from sputtering or vapor deposition are expensive and require
sophisticated equipment. In fact, the major problems for the physical techniques are
often a wide size distribution, lack of particle crystallinity, and the cost and scalability

of the production.

The reported chemical processes for the preparation of nanostructured Ag/TiO,
electrodes include the sol-gel technique [90, 91] and molecular precursor method [92].
Certainly one of the most technologically important aspects of sol-gel and MPM
processing is that their fluid solution is ideal for preparing thin films by such common
processes as dipping, spinning, spraying, screen printing, etc [8, 93]. More than 80% of
the most important commercial products are optical coatings such as antireflection
coatings, Schott-type coatings for architectural glass, hydrophilic and hydrophobic
coatings, antiscratch and hybrid hard coating for plastics, UV shielding coatings,
coatings for heads-up display, colored Ormosil coatings for containers, etc. [94].
Compared to traditional coatings or film forming processes such as thermal spray, CVD
and PVD, the sol-gel and MPM films formation require considerably less equipment, is
potentially less expensive and has the ability to allow a precise control of the

microstructure of the deposited film.
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The above paragraph is by no means a complete listing of the available synthetic
methods, but rather a broad sampling of what has been reported. Unfortunately, all of
the methods listed have some inherent problems, and while each method has certain
advantages and disadvantages, the selection of a proper synthetic procedure depends on
the nature of the nanoparticle application. For instead, metal ion-implantation with V,
Cr, Mn, Fe, and Ni was possible to shift the absorption band toward visible light regions.
However, Ag, Mg, or Ti ion - implanted TiO, showed no shift [21, 95]. Figure 1.13
shows another example how the band gap of TiO, can be shifted into visible light region,
depending on the techniques employed, which would enhance its potential for chemical

solar energy conversion and open possibilities for further applications.
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Fig.1.13 The UV-Vis absorption spectra of Cr-ion doped TiO, fabricated by
ion-implantation method (a) and sol-gel method (b). These absorption spectra shift
smoothly towards visible light regions, the extent strongly depending on the amount of

ions implanted and the method and the method used [96].

With the chemical technique, the major problem is often a limited flexibility in the size
of particles that can be produced and such methods are usually sold on their ability to

make <10 nm particles. Certainly, small particles are desirable in catalysis, where the
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main emphasis is on surface-to-volume ratio, but for optical applications, larger
particles are often necessary. Small Ag nanoparticles do not interact with light nearly as
efficiently as particles that are in the 50-100 nm range and do so strictly through energy
absorption [97]. On the other hand, the plasmon resonances in larger Ag nanoparticles
have a significant light-scattering component that can be advantageously used in

applications that require efficient optical labels, such as in chemical assays [84].

Akpan and Hameed [98], give a critical review on the advancements in sol-gel method
of doping TiO, photocatalysts. Various sol-gel and related systems of doping were
considered, ranging from co-doping, transition metal ions doping, rare earth metal ions
doping to other metals and non-metals ions doping of TiO,. The results available
showed that doping TiO, with transition metal ions usually resulted in a hampered
efficiency of the TiO, photocatalyst, though in some few cases, enhancements of the
photocatalytic activity of TiO, were recorded by doping it with some transition metal
ions. In most cases, co-doping of TiO, increases the efficiency of its photocatalytic
activity. The review reveals that there are some elemental ions that cannot be used to
dope TiO, because of their negative effects on the photocatalytic activity of the catalyst,
while others must be used with caution as their doping will create minimal or no
impacts on the TiO, photocatalytic efficiency.

My work is therefore, focused on the synthesis of Ag nanoparticles and their
incorporation into matrices of TiO,. Since TiO, is environmental friendly, Ag coated
TiO; (Ag-TiO,) has been widely studied [84, 86—89, 99—102]. It is well-known that the
incorporation of noble metal nanoparticles into various matrices will extend their utility
in material and device applications. Such nanocomposites could exhibit novel optical
properties as the plasmon resonances are strongly affected by the surrounding matrix as
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well as because closely spaced particles in matrices can exhibit cooperative phenomena

when interacting with light.

The choice of synthesis technique can be a key factor in determining the effectiveness of
the photoresponse as studies have shown that TiO, production and physical form are
among the most important factors in determining the overall photocatalytic efficiency
[83]. The optimum synthetic method should address all of the above problems and
additionally yield particles with no extraneous chemicals that can potentially alter the
particle’s optical properties and surface chemistry. According to a recent review by
Minami, 2013 [103] and Nagai and Sato, 2012 [8], a synthetic method seem to fulfills

all of the above requirements seem to be sol-gel and MPM, respectively.

1-2 SOL-GEL METHOD

Sol—gel processing of TiO; thin films has been studied in detail over the past 20 years. A
common method used to make dense, nanocrystalline TiO, thin films is through mixing
a titanium alkoxide precursor with a solvent followed by addition of a small amount of
catalyst (typically in water). Sol-gel comprises of many chemical methods, starting from
a liquid solution of molecular precursors, among which the most widely adopted is
certainly the alkoxides method [93]. Given the relatively high hydrolysis reactivity of
titanium alkoxides, a chelating agent is typically added prior to the catalyst. The coating
is then deposited on a substrate either through dip- or spin-coating. The coated substrate
is then cured for varying lengths of time at temperatures between 400 and 600°C.
Flowcharts of Equation 1.6-1.7 show the typical method of synthesis metal oxide using
sol-gel method. Alkoxides are molecules with general formula M(OR),, where R

represents an alkyl or aryl group and M the metal whose oxide will form the final
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matrix inorganic structure. Typically a starting alcoholic solution of the alkoxide is
prepared, using the alkoxide corresponding alcohol as solvent. In other words, if R is an
ethyl or a methyl group ethanol or methanol will be used, respectively. This is the so
called solution stage, and is followed by the gelation stage, which is initiated by the
addition of a certain amount of water. At this stage the precursors undergo hydrolysis
and condensation reactions according to the general equestion 1.6 and 1.7 respectively

[93, 104];

1. Hydrolysis: M(OR),+ H0 — M(OR),_1(OH) + ROH..................... (1.6)

2. Condensation: M(OR), + M(OR),-;(OH)— (RO),-M-O-M(OR),-; + ROH

M(OR),_(OH) + M(OR),_;(OH) — (RO),_;M-O-M(OR),_; + H,0.......... (1.7)

The interest in this synthesis method arises due to the possibility of synthesizing
nonmetallic inorganic materials like glasses, glass ceramics or ceramic materials at very
low temperatures compared to the high temperature process required by melting glass or
firing ceramics. The heat-treatment of thin films in this method is generally important
for the formation of crystallized metal oxides [8]. However sol-gel process is slow and
complicated due to additional reactants include water as the hydrolysis agent, alcohols
as the solvent, and an acid or base as a catalyst. The major difficulties to overcome in
developing a successful bottom-up approach is controlling the growth of the particles
and then stopping the newly formed particles from agglomerating [104]. Therefore one
of the aims of my research is to avoid agglomeration which is associated with sol-gel

method.

Despite these draw backs, various works incorporated Ag in TiO, films via sol-gel
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process [102]. Using sol—gel chemistry, Ag can be introduced into both the bulk and
surface of the TiO, film through addition of a silver salt into the initial coating solution.
It is worth noting Ag has been suggested to promote the anatase to rutile transformation,
while suppressing anatase grain growth. It is well known that photocatalytic and
antibacterial properties of Ag-TiO, thin films depend upon crystal phase [88, 105],
lattice defects, surface area [106, 107], particle size of Ag [108] as well as chemical
state of Ag and its distribution within the TiO, matrix. Therefore, controlling of these
performance-related material properties and establishment of a better synthetic method

that allowing the modification of these parameters is essential.

Moreover, the sol-gel techniques are most effective and popular on preparation of
metal—oxide nanocomposites [109—111]. However it is well reported that incorporating
more amount nanoparticles was limited by the sol-gel dip-coating method due to
nanoparticles coalesce with each other into huge particles during sintering [85]. Hence,
Tseng et al., [111] started this research, gave a commendations for the preparation of
effective stable photocatalyst based on titania films and modified with small amount of

noble metal nanoparticles (NPs). Therefore, a new method must be proposed.

1-3 MOLECULAR PRECURSOR METHOD (MPM)

In this thesis, | proposed the molecular precursor method which is one of the wet
processes for thin film formation of crystallized metal oxides heat-treatment thin films
[8, 92]. The method is based on the formation of excellent precursor films involving
anionic metal complexes and alkylammonium cation. Like sol-gel method, MPM also
requires heat-treatment to eliminate organic ligands from metal complexes involved in

spin-coated precursor films and to fabricate thin films of crystallized metal oxides or
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phosphates [112, 113]. Higher larger surface area along with crystallinity and decreased
impurities are some of the main factors influence the enhancement of photoreactivity of

TiO, [8].

Moreover, the crystallite size is an indicator of crystallinity [114, 115]. Nagai and his
group [116], compared the crystallite sizes of the TiO, thin films fabricated by MPM
and those fabricated my sol-gel method. The crystallite size of the oxide particles in
the resultant thin films fabricated by the MPM is generally smaller than those prepared
by the conventional sol-gel method. From this point of view, MPM opens up a
completely new perspective for materials design that benefits from the introduction of

the synthesis of smaller crystallite size.

Titania usually exists in three different polymorphs; anatase (tetragonal, a=b=3.78A;
c=9.50A), rutile (tetragonal,a=b=4.58A; ¢=2.95A) and brookite (rhombohedral,
a=5.43A; b=9.16A; c=5.13A). Among these phases of titania, anatase shows a better
photocatalytic activity and antibacterial performance [117, 118]. The production of high
photoactivity material with high temperature anatase phase stability is one of the key
challenges in smart coating technology. The temperature difference between the phase
transformation from anatase to rutile in the sol-gel method and the MPM is reported by
Nagai et al., [8, 116]. Using both MPM and conventional sol-gel method, the anatase
phase appears during the heat-treatment of both precursor films at a temperature between
400 and 500°C. By using MPM, anatase can be transformed to the rutile one between 500
and 700°C while a conventional sol-gel process showed that anatase could not
transformed to the rutile one, even when heat-treated at 900°C [119—121]. In the absence

of a dopant or precursor modification, anatase to rutile transformation in synthetic TiO,
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usually occurs at a temperature of 600 °C to 700 °C. Any improvement in the anatase
phase transformation at lowest temperatures observed in MPM is expected to reduce the
cost of the thin film and to show a higher photocatalytic activity. On the basis of these,
compared to a sol—gel solution, the molecular precursor solution for titania thin film

fabrication is extremely has practical advantages.

1-4 OVERVIEW OF THE THESIS

There is significant research being carried out on titanium dioxide semiconductors
because of the wide amount of applications associated with the materials. In 1972
Fujishima and Honda published an article in Nature [122] that drove titanium dioxide
(TiO) into the world of research. They demonstrated that TiO, as semiconductor has
the capability to splitting water in a photoelectrochemical cell. Their work initiate a
revolution in the world of semiconductor research with Frank and Bard (1977) going on
to demonstrate titanium dioxide’s unique properties for environmental remediation
through the reduction of CN"in water [123], and Ollis et al., (1989) using TiO, for the
pulification of pollutant water [124]. In the 1990’s, after O’Regan and Gratzel’s paper
on the dye sensitised solar cell [125], TiO, became one of the most internationally
researched semiconductor materials. The increase in TiO, publications per year
demonstrates the growth in the area. In 1995 there were 700 TiO, publications, 2002

later that number increased to over 2000 publications [126].

So why does TiO, attract such interest? There are many reasons why and they are
addressed throughout the literature review (Chapter 2) of this thesis but for the purpose
of this body of work the important question is why has it attracted my interest? As

shown in the introduction above, several techniques have been employed to synthesize
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TiO, nanomaterials. The MPM as mentioned in section 1-3 seem to be the most suitable
chemical process for the synthesis of semiconductor nanomaterials using chemical
process. The crystallite size of the oxide particles in the resultant thin films fabricated
by the MPM is generally smaller than those prepared by the conventional sol—gel

method, thus it attracted my interest.

In this thesis, the MPM will be used to fabricating silver nanoparticles/titania composite
thin films. The synthesis and studies of Ag/TiO, heterostructures are intensively
reported in large quantities, however, there are few reports about Ag/TiO; thin films
with high Ag content >20 mol% prepared by chemical methods such as sol-gel so far in
the literatures. It is well reported that incorporating more amount Ag particles was
limited by the sol-gel dip-coating method up to 18 mol% due to Ag particles coalesce
with each other into huge particles during sintering [85]. Compared to a conventional
sol-gel solution, the stability of the molecular precursor solution for Ti complex of
EDTA and a SrO precursor solution containing a Sr complex of EDTA is extremely
high, and therefore, the molecular precursor method has practical advantages [127].
Simple as this process appears the ability of incorporate unprecedented high amounts of
Ag, greater than or equal to 20 mol % into TiO, system using MPM is investigated
throughout this thesis. This PhD thesis pass through the synthesis of silver
nanoparticles-titania (Ag-NP/TiO,) composite thin films, with the final aim of finding
the percolation threshold for the electrical conductivity and studying their
visible-light-driven plasmonic properties. Crystal structural, surface morphology and
nanostructures of the fabricated thin films will be performed using XRD, XPS, FE-SEM
and TEM, respectively. The XRD and XPS measurements will be used to reveal
whether silver particles obtained are in metallic or oxidize form. Homogeneous
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distribution and growth of Ag-NP in the composite thin films will be clarified by the
FE-SEM and TEM observations. The absorption spectra of Ag-NP/TiO, composite thin
films will be analyzed by using Kubelk-Munk equation for diffuse reflectance spectra

(DRS), in order to study the plasmonic effect of Ag NP in dielectric TiO, matrix.
1-5 AIMS AND OBJECTIVES

The main focus of my research will mainly base therefore on two topics; one being reduce
TiO, film's relatively high electrical resistivity by incorporating Ag NP, which is
currently stand at 10" Q cm? for pure TiO, thin film and at 10° Q cm? for Ag/TiO,

composite thin film prepared by sol-gel method.

Because of TiO,'s high band gap of 3.2 eV (anatase), only UV light source has been
found to be effective in the excitation of the electrons in TiO,. My second area of
interest regarding TiO, involves shifting the threshold of TiO,’s photo response to
Vis-region. In Ag/TiO, systems, Ag increases the photo responsive activity through two
separate mechanisms; serving as an e- trap, hence aiding in (e/h*) separation and
enhancing e excitation through creation of a local electric field. In addition, Ag doping
results in visible light response, presumably due to the surface plasmon resonance of the

Ag particles and not through TiO, band gap shifting.

With the main emphasis on lower electrical resistivity and plasmonic properties
associated with Ag-NP/TiO, composite thin films, shifting the threshold of TiO;’s photo
response to Vis-region will be finally investigated by study the photoelectrochemical
(photocurrent), and photocatalytic properties of the fabricated composite thin films. The

optical study such as photocurrent and photocatalytic may open up a variety of optical
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and photonic applications such as photovoltaic for the fabrication of new
electrochemical-TiO, based solar cells and further investigation of other possible
applications such as; antibacterial, hydrogen production, biosensors, optical filters,

plasmonic waveguides, and substrates for surface-enhanced Raman spectroscopy.
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2-1 LITERITURE REVIEW

2-1.1 Historical background of TiO,

The understanding of the background of TiO, will make one appreciate the progress of
studying TiO as a promising semiconductor so far in literatures. Titanium is the world’s
fourth most abundant metal and ninth most abundant element. It was discovered in 1791
in England by Reverend William Gregor, who recognised the presence of a new element
in ilmenite [1]. It was then rediscovered in rutile ore several years later by a German
chemist, Heinrich Klaporth who named it after Titans, mythological first sons of the
goddess Ge (earth in Greek mythology) [2]. Titanium is not found in its elemental state,
it occurs mainly in minerals like rutile, ilmenite, leucoxene, anatase, brookite,
perovskite and spene. It is also found in titanates and many iron ores. The metal has
been detected in meteorites and stars. In fact, samples brought back from the moon by

Apollo 17 contained 12.1 % TiO,, [3].

Titanium dioxide (TiO;) was discovered in 1821 but it was not until 1916 that modern
technology had progressed to the point where it could be massively produced [4]. The
primary source and the most stable form of titanium dioxide is rutile ore. It was
discovered in Spain by Werner in 1803. Its name is derived from the Latin rutilus, red
because of the deep colour observed in some specimens when the transmitted light is
viewed [1]. Rutile is one of three main polymorphs of titanium dioxide (TiO), the other
polymorphs being; anatase and brookite [5]. Brookite was discovered in 1825 by A.
Levy and was named after an English mineralogist, H. J. Brooke [1]. In 1801 anatase
was named by R. J. Hauy from the Greek word ‘anatasis’ meaning extension, due to its

longer vertical axis compared to that of rutile. Figure 2.1 shows the crystal structures of
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three main polymorphs of titanium dioxide.

Fig. 2.1. Crystalline structures of titanium dioxide (a) rutile, (b) brookite, (c) anatase

[6].

In all three forms, titanium (Ti*") atoms are co-ordinated to six oxygen (O%) atoms,
forming TiOg octahedra [7, 8]. All three forms differ only in the arrangement of these
octahedra. The anatase structure, is made up of corner (vertice) sharing octahedra
(figure 2.1b) resulting in a tetragonal structure. In rutile, the octahedra share edges to
give a tetragonal structure (figure 2.1a) and in brookite both edges and corners are

shared to give an orthorhombic structure (figure 2.1c).

TiO, powders have been commonly used as white pigments from ancient times. They
are inexpensive, chemically stable and harmless, and have no absorption in the visible
region [2]. Therefore, they have a white color. However, the chemical stability of TiO,
holds only in the dark. Instead, it is active under UV light irradiation, inducing some
chemical reactions. Such activity under sunlight was known from the flaking of paints
and the degradation of fabrics incorporated with TiO, [9]. Scientific studies on

photoreactive of TiO, have been reported since the early part of the 20™ century. For
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example, there was a report on the photobleaching of dyes by TiO, both in vacuo and in
oxygen in 1938 [10]. It was reported that UV absorption produces active oxygen species
on the TiO, surface, causing the photobleaching of dyes. It was also known that TiO,
itself does not change through the photoreaction, although the °‘photocatalyst’’

terminology was not used for TiO, in the report, but called a photosensitizer [11].

In the late 1960s, one of the present authors [12] began to investigate the
photoelectrolysis of water, using a single crystal n-type TiO, (rutile) semiconductor
electrode, because it has a sufficiently positive valence band edge to oxidize water to
oxygen. The possibility of solar photoelectrolysis was demonstrated for the first time in
1969 with the system shown in figure 2.2, which was exposed to near-UV light, and

was connected to a platinum black counter electrode through an electrical load [12].

—

3l
H2

o
©

o,

o

S

Cathode

Fig. 2.2 Schematic diagram of electrochemical photocell. (1) n-type TiO; electrode; (2)
platinum black counter electrode; (3) ionically conducting separator; (4) gas buret; (5)

load resistance; and (6) voltmeter [11].
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Since the photo splitting of water into H, and O, using an electrochemical cell
illustrated in figure 2.2, a large number of applications using TiO; as a semiconductor
materials in photocatalytic technology have been investigated for their potential in the
conversion of light energy into useful chemical energy [13, 14]. The problem of
light-assisted water splitting has also been focused in the late 1970s with the
photocatalytic approach, i.e., in 1977 when Frank and Bard investigated the reduction of
cyanide (CN") in water [15]. This led into an increasingly well researched area of TiO,
because of the potential implications for environmental water and air purification
utilising solar energy [16, 17]. In the 80s, there have been several exciting

breakthroughs with respect to titanium dioxide [18, 19].

Based on the basic research results, real industrial applications have been achieved since
the end of the 1990s. Nano sized titanium dioxide was employed to excellent use in an
efficient solar cell, the dye sensitised solar cell (DSSC) as reported by O’Regan and
Graetzel in 1991 [20]. In 1995 TiO, was used as a coating on ceramic surface by TOTO
Company in Japan [13] while its application for inactivation of pathogenic
micro-organisms in air and water was found in 1996. In 1997, Wang et al. [21] reported
TiO, surfaces with excellent anti-fogging and self-cleaning abilities which were
attributed to the super hydrophilic attributes of the TiO, surfaces. In addition, this field
is still being developed further in the 21% century. It seem that TiO, photocatalysis is
one of the best examples how, on the time scale of tens of years, basic scientific
knowledge can be developed into a technological field and can produce a new industry,

whereby photocatalyst will be the key to a clean and better future.

2-1.2 Doping TiO, systems based on semiconductors
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Technically, incorporates, dopes or impregnates are some of the terminologies used in
material science describe the introduction of foreign elements into the parent
photocatalyst without giving rise to a new crystallographic forms, phases or structures
and the aim is to enhance the net separation of photogenerated charges and thereby
efficiently harness the wide visible-light component of about 43% in the solar spectrum
as opposed to the narrow ultraviolet component of ~4%. It is thus an area of increasing
research activity in light-harvesting study. Although discovered as a modification
technique in the early 1980s, doping has become a standard and routine method in the
design of visible-light-driven TiO, based structures [18, 19]. Researches into TiO,
doping have spanned several decades and are reviewed [8, 22—24]. In fact, similar

photocatalysts sensitive to visible light have already been reported in 1984 [18].

2-1.2.1 Doping TiO, systems based on semiconductors and nonmetals; the creation

of oxygen vacancy

Since Asahi et al., [25] reported that non-metallic ions such as a substitutional nitride
ion at the oxygen sites of TiO, are effective at enabling the thin film to be responsive to
Vis light, doping involving the use of nonmetals has been extremely investigated. They
claimed that the presence of nitrogen narrows the band gap of TiO, thus making it
capable of performing visible light driven photocatalysis. The nitrogen substitutional
doping of TiO, was early claimed as a method for narrowing the band gap by
exclusively changing the valence band structure. Today it is well known that the
introduction of non-metal such as N [26, 27], C [28] and S [29] impurity in TiO, do
shift the energy levels above the parent TiO, valence enabling the thin film to be

responsive to Vis light [22]. Scheme 2.1 shows the change in band gap of TiO, doped
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with nonmetals. Asahi et al. [25] claimed that the presence of nitrogen narrows the band
gap of TiO, thus making it capable of performing visible light driven photocatalysis.
However, Ihara et al. [30] suggested that it is the oxygen vacancies that contributed to
the visible light activity, and the doped nitrogen only enhanced the stabilisation of these
oxygen vacancies. They also confirmed this role of oxygen vacancies in plasma-treated

TiO; photocatalysts.
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s (b) 20
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Scheme 2.1 The change in band-gap and (a) UV-vis absorption profiles of TiO, (b)

after doped with nonmetal (C and/or S) [29].

In addition the structural oxygen vacancy caused visible light photocatalytic activity
was also reported by Irie et al., [31]. Currently there appears to be some agreement on
the mechanism of nitrogen doped visible light absorption explained by Martyanov et al.,
[32] and seconded by Nagai et al., [33]. All the three articles explained that TiO,
oxygen lattice sites substituted by nitrogen atoms form an occupied midgap (N—2p)
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level above the (O—2p) valence band as shown in scheme 2. Irradiation with UV light
excites electrons in both the valence band and the narrow (N—2p) band, but irradiating

with visible light only excites electrons in the narrow (N—2p) band.

Ener Tio, Ti-O-N
_ o conduction band
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—_—
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. @
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Scheme 2.11 Schematic of N—doped TiO, photocatalysis.

2-1.2.2 Doping TiO; systems based on semiconductors and sensitizers

One method of extending TiO,’s light sensitivity to the visible region of the spectrum is
the use of colored substances or sensitizers [34, 35]. In systems with sensitizers, the dye
absorbs visible light and in the excited state injects electrons into the semiconductor.
Scheme 2.111 show the how colored substances facilitate photoexcitation of electrons in
TiO,. Physical adsorption of dyes occurs through the weak Van der Waals interaction
between the dye molecule and the surface of semiconductor. In systems with sensitizers
the dye absorbs visible light and in the excited state injects electrons into the
semiconductor [36]. Various dyes (catechol, porphyrins, phthalocyanines, etc.) have

been employed as sensitizers, but most of them are toxic and, more important, easily

52 | Page



undergo a self-degradation process, that makes them unsuitable for durable applications

in photocatalysis [37].
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Scheme 2.111 Schematic diagram of the operation of the non-metal-semiconductor
structures and a dye— sensitizer system during the action of visible light. Legend: S°, S*,
and S* are the sensitizer in the ground, excited, and one- electron oxidized states

respectively .
2-1.2.3 Doping TiO; system based on semiconductors and transition metals

The implantation of various transition-metal ions such as V°*, Cr** , and Cu®" into the
lattice of Ti*" in anatase thin films was investigated by Anpo’s group, [38, 39]. The
photoreactivities of chemically modified TiO, thin films decreased under UV irradiation,
although those TiO, thin films modified with transition-metal ions can now response to
Vis-light irradiation. The doping of wide-band semiconductors with transition metals
may result in the formation of new energy levels between VB and CB, inducing a shift

of light absorption towards the visible light region. Scheme 2.1V shows the change in
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band gap of TiO, upon doped with transition metals.

However, transition metals may also act as recombination sites for the photo induced
charge carriers thus, lowering the quantum efficiency [40]. Transition metals have also
been found to cause thermal instability to the TiO, nanomaterials. Irie et al., [41] argues
that despite the fact that a decrease in band gap energy has been achieved by many
groups through metal doping, photocatalytic activity has not been remarkably enhanced
because the metals introduced were not incorporated into the TiO, framework. In

addition, metals remaining on the TiO, surface cover photo reaction sites.

Ener TiO, Ti-O-N Ni2*
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Scheme 2.1V Schematic diagram of the operation of the TiO, band- gap after doped

with transition metal (Ni?*) [42].
2-1.2.4 Doping TiO, systems based on semiconductor heterostructures

In binary systems based on narrow-band and wide-band semiconductors the absorption
of visible light by the narrow-band component also leads to the injection of an electron

into the wide-band semiconductor. Scheme 2.V show the change in band gap of TiO;
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whereby the hole remains spatially separated from the electron and interacts with the

electron donor [34, 35].
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Scheme 2.V Schematic diagram of the spatial separation of the photo generated charges

in the CdS/TiO, heterostructure during the action of visible light [23].

2-1.2.5 Doping TiO; system based on semiconductors and noble metals

Another approach way to increase the efficiency of TiO,’s light sensitivity to the visible
region is to couple semiconductor nanoparticles to noble metal co-catalysts to enhance
the quantum vyield of the electron transfer processes through improvement in charge
separation in the semiconductor, discharging photogenerated electrons across the
interface and providing a redox pathway with low over-potential [43—46]. On the basis
of photocatalytic activity and band structure analysis, a plasmonic Z-scheme
photocatalytic mechanism is proposed (Scheme 2.VI); namely, two-step visible-light
absorption is caused by the localized surface plasmon resonance of metallic Ag

nanoparticles and the band gap photoexcitation of TiO,. The present results suggest that
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metallic Ag nanoparticles can act as an effective active component for the construction

of a Z-scheme visible-light photocatalyst [47, 48].
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Scheme 2.VI1 A plasmonic Z-scheme mechanism of TiO2/Ag/AgCl composite.

2-1.3 Historical background of noble metal nanoparticles

Solutions of liquid (colloidal) gold and silver have been used since Ancient Roman
times to colour glass of intense shades of yellow, red, or mauve, depending on the
concentrations of the two metals. A fine example is the famous Lycurgus Cup in the
British Museum, dated 4th century AD [49]. For all the middle ages Au and Ag colloids
have also been used in medicine believing in their curative properties for various
diseases [50]. In 15th century Italian artisans in Gubbio and Deruta were able to prepare
brightly coloured porcelain, called luster, containing silver and silver - copper alloy
nanoparticles [49]. The technique was developed in the Islamic world during the 9th
century and exploited the reducing atmosphere obtained heating dried genista up to

600°C to obtain nanoparticles by reducing metal oxides or metal salts previously
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deposed on the ceramic piece from a vinegar solution [51]. In the 17th century the
glass-colouring process was further refined by Andreus Cassius and Johann Kunchel by
contriving “Purple of Cassius”, a precipitate of colloidal Au and stannic hydroxide they

added to the base glass [49].

(@) (b)

Fig. 2.3: The Lycurgus Cup, dating from the 4™ century A.D., is made from glass

impregnated with gold nanoparticles; seen in (a) transmitted and (b) reflecting light.

Never the less, the first “scientific” study of metal nanoparticles is dated back to the
seminal work of Michael Faraday around 1850 [52]. Other synthetic methods for
colloidal metal particles have been developed in the early 20th century, both physical or
chemical, until the fundamental work of Turkevitch in 1951 [53]. He started a
systematic study of AuNP synthesis with various methods by using transmission
electron microscopy (TEM) analysis to optimise the preparative conditions until
obtaining what is commonly known as the Turkevitch method. For Ag nanoparticle
suspensions, a common method is the Lee—Meisel method, which is a variation of the
Turkevich method in that AgNO; is used as the metal source [54]. Today, silver
nanoparticles are mainly produced in a liquid ("liquid chemical methods™) by reduction

of AgNOs. This causes Ag® ions to be reduced to neutral silver atoms. Microwave
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irradiation can facilitates the thermal decomposition of citrate ions, as shown in Scheme
2.VII, to afford aqueous electrons and citrate® oxidation products, acetone-1,
3-dicarboxylate, and carbon dioxide [55]. Scheme 2.VII with equations 2.1-2.3
illustrates a flowchart whereby citrate® oxidation mechanism to facilitate the nucleation

of Ag" by irradiation, proposed by Park et al., [56].

Citrate acts both as reducing and stabilizing agents. Electron donation from citrate®
leads to AgNP seeds that act as catalysts for further Ag"™ reduction, and citrate®
decomposition. These electrons are the driving force for the rapid reduction of Ag”,

Scheme 2.VII, to nanoparticle clusters [57].

Agt + € (aq)

Scheme 2.VII Flowchart of Eq.2.1 citrate® oxidation, Eq.2.2 silver ion reduction and

Eq. 2.3 nucleation of an Ag* precursor by aqueous electrons.

As more and more of these silver atoms form, the solution becomes supersaturated, and
silver gradually starts to precipitate in the form of sub-nanometer particles. The rest of
the silver atoms that form stick to the existing particles, and, if the solution is stirred

vigorously enough, the particles will be fairly uniform in size. To prevent the particles
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from aggregating, some sort of stabilizing agent that sticks to the nanoparticle surface is
usually added. They can be functionalized with various organic ligands to create
organic-inorganic hybrids with advanced functionality. Following propagation, by small
cluster aggregation, termination is facilitated by the introduction of a stabilizing agent,

Scheme 2.VII1I below:

Ag*
e _ )
“_., __Propogation j~ )/ _Termination
Y o : » - + Stabilizing
» agent
€aq)

Scheme 2.VI111 The stages of Ag NP fabrication.

2-1.4 Ag nanoparticles synthetic Methods

Nanoparticles of noble metals can be prepared via different techniques, such as wet
chemical synthesis, solvent exchange, chemical reduction with or without a stabilizing
agent, thermal decomposition, in various polymers and sol-gel glasses [58]. Physical
methods, such as ion implantation, pulse laser ablation and all the sputtering techniques,
are used to obtain Ag nanoparticles supported on substrates or embedded in solid
matrices. One problem with all these conventional physical methods is the observation
that the deposited material, in addition to containing nanoparticles, also containing large,

pum-sized particles.

The most widely used methods are based on chemical reduction in solution (wet

chemistry) to yield nanoparticles colloids [58]. The early methods [53, 54], to produce
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suspensions of very small noble-metal particles are still used today [59] and continue to
be the standard by which other synthesis methods are compared. For Ag nanoparticle
suspensions, a common method is the Lee—Meisel method [54]. The same procedure
can be used to reduce whatever Ag salt, but particle size control is very limited in this

case [60].

Brust and Schiffrin, [61] developed the two phases method, that is the most widely used
for thiols stabilized Ag nanoparticles in organic solvents. Basically AgNOs is dissolved
in water and subsequently transported in toluene by tetraoctylammonium bromide
(TOAB), that act as a phase transfer agent. The toluene solution is then mixed and
thoroughly stirred together with an aqueous solution of NaBH, in presence of
thioalkanes or aminoalkanes. In this case, particles size can be tuned in the 1-30 nm
range. Referred to as the Creighton method [60], the synthesis procedure routinely
yields <10 nm particles of narrow size distribution. This method can also be adapted to
produce particles of other metals such as Pt, Pd, Cu, Ni, etc., although the specific
protocols depend on the reduction potential of the source ion. Cu and Ni suspensions,
for example, are not very stable as the metal particles are easily oxidized requiring

strong capping ligands to prevent the oxidation [62, 63].

All these wet chemical approaches require the reduction of Ag* and the chemisorptions
or physisorption of ligands on the surface of metal nanoparticles to avoid their
coagulation and precipitation. To understand the synthesis of silver nanoparticles the
following sections will describe how silver nanoparticles are formed, through reduction

and how the growth can be controlled, through stabilization process.

2-1.4.1 Reduction of Ag ions
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The synthesis of silver nanoparticles in this thesis will be based on a wet chemical
method. It is therefore better to understand the mechanism involved for the synthesis of
metallic silver. The most starting point of the synthesis reported in literature is the
production of a silver nitrate (AgNO3) solution. When silver nitrate is dissolved it splits
into a positive silver ion (Ag") and a negative nitrate ion (NO"). Toturn the silver ions
into solid silver, the ions have to be reduced by receiving an electron from a donator.
Pastoriza-Santos and Liz-Marz'an [64] proposed that the reduction of silver ions to

silver nanoparticles by N,N,dimethylformamide (DMF) in water takes place as follows:
HCONMe; + 2Ag*+H,0 — 2Ag” + Me;NCOOH + 2HY .. (2.4)

The equation 2.4 is illustrating the reduction of the silver ions by addition of an electron.
Colloidal silver particles in the nanometer size range were synthesized by reduction
with DMF, using the silane coupling agent as a stabilizer. The figure 2.4 below
illustrates the reduction of (Ag") in a solution of ethanol. After the “silver seed” has
been formed it starts to grow and continue the growth until the equilibrium between the

final nanoparticles and the Ag*of the solution is reached.

There are a number of parameters that can be adjusted in order to control the growth of
particle. For example, small particles can be achieved by using a fast reduction agent
[60]. A fast reduction agent results in the formation of many “silver seeds” in the
beginning of the synthesis process. This high amount of “silver seeds” will abbreviate
the time in which the seeds can grow and prevent the formation of large nanoparticles.
If the solution is homogenous the particles end up within a narrow size distribution.
Further control of the synthesis of silver nanoparticles can be obtained with the use of a

stabilizer, which will be the topic of the next subsection.
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Fig. 2.4 Formation of masked nanostructured metal via the salt reduction method [65].

2-1.4.2 Stabilizers in reduction of Ag ions

It is important to use protective agents to stabilize dispersive nanoparticles during the
course of metal nanoparticle preparation, and protect the nanoparticles that can be

absorbed on or bind onto nanoparticle surfaces, avoiding their agglomeration [66]. The
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presence of surfactants comprising functionalities (e.g., thiols, amines, acids, and
alcohols) for interactions with particle surfaces can stabilize particle growth, and protect
particles from sedimentation, agglomeration, or losing their surface properties [67]. A
stabilizer is therefore, a substrate, often a donor ligand, surfactant or a polymer, with the
purpose of preventing particles from agglomerating. This is done by producing a
protective shell around the forming particle. The efficiency of a certain stabilizer is
connected with the properties of the solvent. If the solvent permits the stabilizer to
stretch away from the particle the solvent is good. On the other hand if the solvent
makes the stabilizer collapse on the surface of the particle the solvent is poor. This is
only a problem if the particle is not covered 100% by stabilizer [68]. If the particle is
not covered 100% and two particles move towards each other the result will be a
decrease in Gibbs energy [69]. This means that the polymers on the surface of one
particle will interpenetrate with the polymers of the other and promote a further coiling.

This in turn results in the two particles bundling together.

Nanostructured colloidal silver requires protective agents for stabilization and to prevent
agglomeration. The two basic modes of stabilization which have been distinguished are
electrostatic and steric [70]. Electrostatic stabilization [see Fig. 2.5 (a)] involves the
coulombic repulsion between the particles caused by the electrical double layer formed
by ions adsorbed at the particle surface (e.g., sodium citrate) and the corresponding
counter ions. As an example, silver sols are prepared by the reduction of [AuCl47] with
sodium citrate [57]. By coordinating sterically demanding organic molecules that act as
protective shields on the metallic surface, steric stabilization [Fig. 2.5(b)] is achieved. In
this waynanometallic cores are separated from each other, and agglomeration is
prevented.
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Van der Waals

Attraction

Fig. 2.5 (a) Electrostatic stabilization of nanostructured metal colloids. (b) Steric

stabilization of nanostructured metal colloids. (Scheme adapted from Ref. [70])

2-1.4.3 Solvent in reduction of Ag ions

When one is discussing good and poor solvents the important property to look at is the
polar or nonpolar properties of the solvent [71]. If particles covered with these polymers
are placed in a polar solvent such as water, the polymers will pack together on the
surface in order to minimize the contact surface where polymer meets water. To make
the polymer expand away from the particle a nonpolar environment is needed. This
could for example be methanol, ethanol or ethylenglycol. The solvent can also be
categorized by its protic or aprotic properties. Protic solvents have the ability to
exchange protons. The three solvents mentioned before are protic solvents. Benzene is

an example of an aprotic solvent.

The use of a good solvent and an effective stabilizer does not only prevent the silver
nanoparticles from agglomerating, it also shields the silver nanoparticles from the
solution. This shielding stops the growth of the silver nanoparticles, which is a
disadvantage when larger nanoparticles are wanted. Heating the solution is one way to
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solve this problem [72] and an appropriate way to do this will be described in the next
section. A successful production of nanoparticles is determined by the ability to produce
particles with uniform distributions and long stability, given their tendency to rapidly
agglomerate in aqueous solution. The main classes of protective groups | selected from
the literature are: polymers and block copolymers; P, N, S donors (e.g., phosphines,
amines, thioethers); solvents such as THF, THF/MeOH, or propylene carbonate; long
chain alcohols; surfactants; and organometallics [73—76]. In general, lipophilic
protective agents give metal colloids that are soluble in organic media (organosols)

while hydrophilic agents yield water-soluble colloids (hydrosols) [77].

2-1.4.4 Green chemistry for synthesis of Ag nanoparticles

Green chemistry is defined as the “design of chemical products and processes to reduce
or eliminate the use and generation of hazardous substances” [78]. In the global efforts
to reduce generated hazardous waste, “green”chemistry and chemical processes are
progressively integrating with modern developments in science and industry.
Implementation of these sustainable processes should adopt the 12 fundamental
principles of green chemistry [79]. These principles are geared to guide in minimizing
the use of unsafe products and maximizing the efficiency of chemical processes. Hence,
any synthetic route or chemical process should address these principles by using

environmentally benign solvents and nontoxic chemical.

The green synthesis of Ag NPs involves three main steps, which must be evaluated
based on green chemistry perspectives, including (1) selection of solvent medium, (2)
selection of environmentally benign reducing agent, and (3) selection of nontoxic

substances for the Ag NPs stability [80]. Based on this approach, Sharma et al., [76] and
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Kaler et al., [81], wrote an overview of Ag NP preparation by green synthesis
approaches that have advantages over conventional methods involving chemical agents
associated with environmental toxicity. In their review, the mentioned that green
synthetic methods include mixed-valence polysaccharide, tollens, irradiation, biological

and polyoxometallates.

Solutions of AgNOj3 containing glucose and starch in water gave starch protected Ag
NPs, which could be integrated into medical applications. The starch in the solution
mixture avoids use of relatively toxic organic solvents [81]. Additionally, the binding
interactions between starch and Ag NPs are weak and can be reversible at higher

temperatures, allowing separation of the synthesized particles.

Tollens process involves the reduction of Ag(NHs)," by saccharides forming Ag NP
films with particle sizes from 50-200 nm, Ag hydrosols with particles in the order of
20-50 nm, and Ag colloid particles of different shapes [82]. The basic tollens reaction

involves the reduction of Ag(NHs)," xq), a tollens reagent, by an aldehyde, Eg. (2.5).
Ag (NH3)2+(aq) + RCHO(z9p—Ag(s) + RCOOH@g). . ovvvvnveveiinnen (2.5)

The reduction of Ag(NHa)," by HTAB (n-hexadecyltrimethylammonium bromide) gave

Ag NPs of different morphologies: cubes, triangles, wires, and aligned wires.

Ag NPs can be successfully synthesized by using a variety of irradiation methods. For
example, laser irradiation of an aqueous solution of Ag salt and surfactant can fabricate
Ag NPs with a well-defined shape and size distribution [83]. Ag NPs synthesis by

irradiation of Ag” ions does not involve a reducing agent and is an appealing procedure.
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Eco-friendly bio-organisms in plant extracts contain proteins, which act as both
reducing and capping agents forming stable and shape-controlled Ag NPs. For example,
the extract of unicellular green algae Chlorella vulgaris was used to synthesize

single-crystalline Ag nanoplates at room temperature [84].

Polyoxometalates, POMs, have the potential of synthesizing Ag NPs because they are
soluble in water and have the capability of undergoing stepwise, multielectron redox
reactions without disturbing their structure [77]. For example, Ag NPs were synthesized
by illuminating a deaerated solution of POM/S/Ag* (POM: [PW12040]"", [SiW12040]*;
S:propan-2-ol or 2,4-dichlorophenol). In this method POMs serve both as a
photocatalyst, a reducing agent, and as a stabilizer. In another study, one-step synthesis
and stabilization of Ag nanostructures with MoY—Mo"' mixed-valence POMs in water at
room temperature has been demonstrated [85]. This method did not use a catalyst or a
selective etching agent. Recently, Sakai and Tatsuma, [86] also developed a one-step
synthesis method of glutathione-protected Au, Ag, Cu, Pd and Pt cluster powders.
Average cluster sizes can be controlled by tuning the molar ratio of glutathione to metal

salts as starting materials.
2-1.5 Synthesis of Ag/TiO, system and their applications in literatures

The unique properties of Ag NPs have been extended into a broader range of
applications. Incorporation of Ag NPs with other materials is an attractive method of

increasing compatibility for specific applications.
2-1.5.1 Synthetic techniques of Ag/TiO, system

There are hundreds publications devoted to the fabrication techniques of noble

67| Page



metal/titania heterostructures and the properties description of obtained materials. The
methods of synthesis including sol-gel process with thermoinduced [87], photo- or
chemical reduction of metal ions deposited on the TiO, surface [88], as well as
combination of ion-exchange and reduction process were proposed for preparation of
films containing small particles of noble metals and semiconductor [89]. Most of these
methods are still in the development stages and the problems experienced involve the
stability and aggregation of nanoparticles, control of crystal growth, morphology, size

and size distribution, and occasional difficulty in the management of the synthesis.

2-1.5.2 Plasmonic property of Ag/TiO; system

Titanium dioxide (TiO;) displays photoresponsive behavior under near-ultraviolet (UV)
illumination. In another scientific field, it is well understood that the excitation of
localized plasmon polaritons on the surface of noble metal nanoparticles (NPs) causes a
tremendous increase of the near-field amplitude at well-defined wavelengths in
visible-light region. Metallic NPs, usually silver or gold, interact with visible light to
create a collective oscillation of the conduction electrons called a plasmon [90, 91]. This
phenomenon gives rise to two characteristic properties: an intense absorption feature at
wavelengths resonant with the electron oscillation, surface plasmon resonance (SPR),
and a greatly enhanced electromagnetic field near the particle, localized surface plasmon
(LSPR). LSPR is an optical phenomena generated by light when it interacts with
conductive nanoparticles (NPs) that are smaller than the incident wavelength [57]. As in
surface plasmon resonance, the electric field of incident light can be deposited to
collectively excite electrons of a conduction band, with the result being coherent

localized plasmon oscillations with a resonant frequency that strongly depends on the
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composition, size, geometry, dielectric environment and separation distance of NPs [92,
93]. The theory on the plamon resonance of noble metals especial gold and silver are
reported by Romeo et al [94] and also by Felicia et al., [57] respectively. Notably, the
maximum absorption wavelength of plasmonic particles has been found to be greatly
dependent on factors such as size, shape, and dielectric environment [95]. Plasmon offers
a platform for biological and chemical sensing that typically relies on one or more of the
following mechanisms: (1) resonant Rayleigh scattering, (2) charge-transfer interactions
at the surface of the NP, (3) NP aggregation, and (4) changes in local refractive index [96].
These metal-doping also have an influence on the titania crystal structure leading to
distinct improving in the application fields [97]. Thus, enormous efforts have been
devoted to the research of TiO, material, which has led to many promising applications in
areas ranging from photovoltaic and photocatalysis to photo-/electrochromics and
sensors [98]. Recently, metal-doping strategy has been invoked to improve the
photosensitivity of TiO, into visible region [99]. Noble metal incorporation into the
titania dielectric provides an absorption feature due to the plasmon that occurring over the
visible range of the spectrum [100]. In fact, silver as a noble metal have attracted
considerable attention, as a result of its remarkable role on the improvement of
photoactivity of semiconductors. Therefore, many researchers have been recently
focused on modifying TiO, with Ag by synthesis Ag/TiO, composites [101-111].
However, the separation of produced Ag nanoparticles that can be embedded into titania
for further applications is still an important issue. Most of the previous work
demonstrated that NPs are easily aggregated during sintering [112] and oxidized [93]
and lose their plasmon resonance gradually under ambient conditions [113]. By using

different reducing agents and stabilizers, masking with alumina and silica, the particle

69| Page



size and morphology of silver nanoparticles have been controlled. Moreover, selection
of solvent medium and selection of ecofriendly nontoxic reducing and stabilizing agents
are the most important issues which must be considered in green synthesis of silver

nanoparticles.

2-1.6 Mechanism of photo-responsive Ag NP/TiO; system

2-1.6.1 Mechanism of UV-responsive Ag NP/TiO, system.

Scheme 2.IX illustrates how silver enhance the electron-hole separation by acting as
electron traps and enhance photo-responsive under UV-light irradiation. Electron
transfer between photoexcited semiconductor and metal is an important phenomenon in

study of the enhancement of photoresponsive of TiO, under UV-light irradiation [114].

B | ce &
A
SH— EY mmmnd N

Equlibrium
redox
pontential
hv<400 nm
=
VB VB
. Ag
TiO, Ag TiO;

Scheme 2.1X Mechanism for charge separation at a UV light-irradiated Ag

nanoparticle-TiO, system.

TiO, nanoparticles modified with precious metals have been extensively employed in
photocatalytic water-splitting reactions. A direct correlation between the work function

of the metal and the photocatalytic activity for the generation of NH3 from azide ions
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has been made for metallized TiO, systems [115]. Recent studies have shown that silver
or silver ion doped TiO, composites exhibit shift in the Fermi level to more negative
potentials [103, 116]. Such a shift in the Fermi level improves the energetics of the
composite system and enhances the efficiency of interfacial charge-transfer process. The
unusual property of Ag nanoparticles to undergo quantized charging makes them a
unique candidate to achieve Fermi-level equilibration [117, 118]. Platinum metal, on the
other hand, introduces ohmic contact facilitating a quick transfer of electrons to the
electrolyte [119]. Silver has a Fermi-level or electron accepting region at an energy level
just below the conduction band [120]. Therefore, after light absorption and charge
separation, the electron in the conduction band can be effectively trapped by silver,
while the hole oxidizes water and forms hydroxyl radicals, without the threat of
recombination. However, Liu et al., [121] reported that higher amount of silver would
cover more TiO, surface and hinder the contact between TiO, and organics, which
would increase diffuse distance and decrease the amount of received photons. This

observation was supported by Li et al., [122].

2-1.6.2 Mechanism of vis-responsive Ag NP/TiO, system.

The current effort is the use of surface plasmon resonance of silver-based nanoparticles
as a method for converting visible sunlight into energy for activating titanium dioxide.
Surface plasmon resonance (SPR) phenomena have been identified as means for
absorbing visible light for silver and gold particles [123, 124]. On the other hand, the
silver doped TiO, catalysts shows an absorption threshold extended into the visible
region. It is obvious that the Ag clusters give rise to localized energy levels in the band

gap of TiO; into which the valence band electrons of TiO, are excited at wavelength
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longer than 400 nm. This is mainly because of the excitation of plasmon resonances in
Ag NPs produces a local electromagnetic field that extends from the particle surface and

into the surrounding environment and conduction band of TiO..

The enhanced photochemical activity is attributed to radiative transfer of energy,
mediated by surface plasmons, from Ag particles to the semiconductor leading to higher
concentrations of charge carriers (e-/h+ pairs) in the semiconductor and therefore to
higher photochemical activity [104, 122]. Scheme 2.X illustrates how Ag plasmon can

be shift the photoresponse of TiO, from UV region to Visible-light region [104].

CB CB S
N
VB VB |reeeeeees Ag 4d
Tio, Ag Tio, Ag

Scheme 2.X Mechanism for charge separation at a visible light—irradiated Ag

nanoparticle-TiO, system.

While most relate this improvement to electronic effects, it has been pointed out that the
addition of Ag can modify the grain sizes of the TiO,, so increasing the surface area and
hence also the photoactivity [126]. However, the photo response of the Ag-doped TiO;
composite significantly depends on the Ag nature (ion or metallic) and concentration,
preparation method and operating conditions [122]. Both positive and negative results
have been reported from doping with metal.
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While some authors have reported an increased photo-responsive of TiO, under visible
light due to certain Ag doping, others have reported a decreased activity [127]. But
generally the photo-responsive property of Ag doped TiO, has been reported to be quite
higher than the undoped TiO; and therefore is seen to be of very high research value.
Doping TiO, with Ag resultant in the following observation: Anatase size (at 600°C)
decreased from 37 nm to 19 nm; specific surface area increased from 45 to 63 m?/g, and
photocatalytic activity increased by 18% [128]. Phase transfer appeared from anatase to
rutile at 700°C and phase transformation was completed at 800°C [33]. In the absence of
a dopant or precursor modification, anatase to rutile transformation in synthetic TiO,
usually occurs at a temperature of 600 °C to 700 °C [128, 129]. All these observations
will depend on the fabrication techniques employed for the synthesis of Ag/TiO;

system.

2-1.7 Electrical conductivity of Ag/TiO, system

Nanoparticles and nanostructured materials comprising metals (Ag, Pt, etc.) and
semiconductors (SiO2, In,03:Sn0,) that exhibit size-dependent catalytic properties have
recently been used as advanced materials for designing next generations of electronic
devices [130]. During the last decade indium tin oxide nanoparticles (ITO-NPs) have
attracted considerable interest due to their unique optical and electrical properties such
as high transmittance in Vis, high resistance in infrared (IR), and very good electrical
conductivity. Similar to other semiconductors ITO conductivity is owed to the
formation of an oxygen vacancy due to the band gap (3.6 eV) [131]. Recently, some
researchers have found that TiO,-based film could become an indium-free alternative to

tin doped indium oxide, due to advantages of TiO, low cost and non- toxicity. TiO;
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films are applied in many optical devices, for example in solar cells as antireflective
(AR) coating [132]. However, the insulating properties of pure TiO, limit its application
in electronics as film. In order to overcome this disadvantage, TiO; is usually doped
with different metals, for example Nb [133], Pd [134], or V [135]. However, some
elements like, for example, Pd [136], when introduced into a TiO, matrix,
simultaneously cause a reduction of transmission coefficient. On the other hand, is well
established that the relatively high resistivity of titania films (10'? Q-cm at 25°C) can be
reduced by incorporating metal nanoparticles into the titania matrix based on the fact that
the electrically conducting particles can be randomly distributed within the
semiconductor matrix to form a composite [112, 137]. Doping TiO, with Ag should
provide realization of conductive and semiconducting films based on a TiO, matrix. It is
known that, electrical properties of TiO, were influenced by changes of annealing
temperature [138]. Resistivity of thin films was found to decrease as the annealing

temperatures increase.

Another way of enhance electrical conductivity of a semiconductor is through the
investigation of quantum dot (QD) using a metal particle connected by tunnel contacts
to metal electrodes. In such systems, when studying their conductivity, the
Coulomb—blockade phenomenon and resonance—tunneling effects are observed for
electrons [139]. The methods of fabricating electrical contacts to QDs from

semiconductor materials are not developed [140].
2-1.8 Application of Ag/TiO, system

2-1.8.1 Photoelectrochemical properties of Ag/TiO, system
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A pioneering proposal to adopt a localized plasmon for the enhancement of
photochemical reactions was first made by Nitzan and Brus, [141] in 1981 based on
their theoretical calculations of highly localized electromagnetic fields on rough metal
surfaces. Soon thereafter, the first experimental evidence confirming the enhancement
of a photochemical reaction by surface plasmons was reported by Chen and Osgood,
[142] in 1983. Since then, numerous studies have been carried out on the control of
photochemical reactions by localized plasmons, mainly in systems comprising
chemically synthesized metal/semiconductor nanoparticles, as described in review
articles by Watanabe et al., [143]. One interesting example was reported by Fedurco et
al, [144] who found that increments in the photocurrent caused a reduction of carbon
dioxide in solution at a roughened Ag electrode. The quantum yield of the photocurrent
exhibited a sharp maximum at the peak wavelength of Ag surface plasmons [145].
These studies have shown that the utilization of localized plasmons is a promising
means of improving the efficiency of photochemical reactions, especially in the

visible-near-infrared wavelength region.

Today, the plasmon-induced charge separation can be recognized as one of the
sensitization effects of TiO, [146]. The maximum value of incident photon-to-current
conversion efficiency (IPCE) of a two-dimensional gold nanorod array on a single
crystalline TiO, exceeds 10% [147]. However, wet type cells such as
ITO/TiO2/AuNPs/electrolyte/Au (ITO.indium tin oxide; electrolyte contains a redox
species) have been employed so far [86]. Although a solid state cell was developed by
using hole-transport materials (HTMs) instead of an electrolyte solution containing a
redox couple (ITO/TiO2/AuNPs/ HTM/Au), their IPCE values were four orders of
magnitude lower than those of the wet type cells. The fabrication of a easily without
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undue loss of the efficiency solar cell would be a first step to develop solar cells without
unstable factors like organic compounds or a liquid electrolyte at lower cost of materials

and fabrication than the conventional cells.

2-1.8.2 Photocatalyst properties of Ag/TiO, system

Titanium oxide is of special interest because of its photochemical activity, allowing us
to use TiO, to make devices for photolysis of water and also to carry out oxidation of
toxic organic compounds down to carbon dioxide and water on its surface. The
electronic and optical properties of titanium dioxide as a semiconductor are
considerably affected by atoms of impurity elements within its composition. However,
this effect has been poorly studied, especially for nanostructures [148]. Titanium oxide,
also being a nontoxic and relatively cheap material, today is considered as one of the
most promising photocatalysts and can be used for purification of water and air to
remove organic compounds which are harmful to human health and to make

self-cleaning and antibacterial coatings [149].

Considering that most solar radiation passing through the Earth’s atmosphere is
radiation in the visible rangeas | demonstrated it in Chapter 1, | can say that
nanostructured titanium oxide, doped with noble metal, is a promising material for use
in systems for purification. Many researchers have demonstrated that the addition of Ag
NP to titania, can effectively enhance the degradation efficiency of photocatalytic
reactions [110]. This is because they act as an electron trap promoting interfacial charge
transfer processes in the composite systems. As a result, more photoinduced holes will
have opportunity to participate in the oxidation reactions on the surface. Indeed, Ag

nanoparticles act as electron scavengers, decreasing the charge carrier recombination.
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Time Resolved Microwave Conductivity (TRMC) measurements done by Grabowska et
al., [116], show also that more electrons are produced in the conduction band of P25
under UV illumination of Ag—modified P25. Surface modification by silver
nanoparticles induces also a modification of the absorption properties of the
photocatalyst creating an activity under visible light. However, Zhou et al., [150]
reported that with further loadings of Ag NP, the chance of recombination of
photoinduced electrons and holes will increase leading to reduction in the rate of a

decomposition reaction.

Sangpour et al., [151] fabricated titania thin film system containing noble metallic
nanoparticles such as Au, Ag, and Cu prepared by utilizing radio frequency reactive
magnetron cosputtering method. The photocatalytic activity of all synthesized samples
annealed at 600°C in an Ar + H, (80 + 20%) environment was evaluated by measuring
the rate of photodegradation reaction of methylene blue (MB) under similar conditions
in the presence of UV and visible light irradiation. The photoenhancement of the studied
was determined in the following order: Cu:TiO, > Au:TiO,> Ag:TiO, > TiO,. Surface
plasmon resonance of the metals and the presence of the Ti** oxygen vacancy in the
photoirradiated thin films were found responsible for the enhancement of the MB

photodegradation reaction.

Moreover, silver-doped TiO, nanofibers having different silver contents were prepared
by calcination of electrospun nanofiber mats consisting of silver nitrate, titanium
isopropoxide and poly(vinyl acetate) at 600°C [152]. The results affirmed formation of
silver-doped TiO, nanofibers composed of anatase and rutile when the silver nitrate

content in the original electrospun solution was more than 3 wt%. Study of the
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photocatalytic degradation of methylene blue dye clarified that increase the silver
content strongly enhances the dye oxidation process. The Ag/TiO,/MMT materials with
excellent stability, large amount of Ag in TiO, and bactericidal activities are promising
photocatalysts for application in decontamination [105]. Pant et al., [153], also prepared
Ag-TiO,/nylon-6 fiber nanocomposites. The antibacterial property of a TiO,/nylon-6
composite mat loaded with Ag NPs was tested against Escherichia coli, and the
photoactive property was tested against methylene blue. They found that they have good
photocatalytic and antimicrobial properties (even in absence of UV light), excellent

recyclability and stability for potential applications in environmental remediation.

Akhavan [154] study the photodegradation of Escherichia coli bacteria in presence of
Ag/anatase-TiO, nanocomposite film with an effective storage of silver nanoparticles
was investigated in the visible and the solar light irradiations. Antibacterial activity of
the nanocomposite film against E. coli bacteria was 5.1 times stronger than activity of
the anatase-TiO,. They also study the durability of the nanocomposite film. They found
out that Ag-TiO2/Ag/a—TiO, was at least 11 times higher than the anatase—TiO; film.
Therefore, the Ag/TiO, system can be nominated as one of the effective and

long-lasting antibacterial nanocomposite materials.

Recently, TiO, and TiO,—Ag composites films were prepared by sol-gel method and
coated on glass fibre roving [155]. The antibacterial activity studies of TiO,and TiO,
composite films were evaluated by photocatalytic reaction against P.aeruginosa bacteria.
The results shown that pure TiO, and TiO; porous (TiO,-PEG) films have disinfection
efficiency 57% and 93% within 15 min under UV irradiation, respectively. TiO,—Ag

film has highest antibacterial effect under UV irradiation and that disinfection efficiency
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is 100% within 10 min. It has been found that Ag doped TiO; films have the higher
disinfection efficiency than that of pure TiO, due to the effect of silver species. This

shows us that there is still a big potential for using Ag/TiO, against bacteria.

2-1.8.3 Other potential applications application

Some of the odorous problems from industries are caused by the volatile organic
compounds (VOCs), acetic acid, and dimethyl sulfide (DMS). VOCs and acetic acid are
necessary materials in the manufacturing processes. DMS can be transferred from the
dimethyl sulfoxide (DMSO), which is one of main compounds in the stripper. These
odorous exhausts would persecute residents’ health and lower the environmental quality
in the neighborhood. Recently, Lin (2013) in Taiwan, reported that Ag—TiOy/functional
filter can be applied to removal these odorous compounds [114]. Comparing the TiO;
type, P25 TiO, (Degussa, Germany)/functional filter showed the more superior
photodegradation efficiency than STO1 TiO, (Ishihra Sangyo, Japan)/functional filter. In
addition, Ag-modifying TiOy/functional filter enhanced the photocatalysis via
postponing the recombination between electrons and holes. Dastjerdi and Montazer,
[125] wrote a review on the application of inorganic nano-structured materials in the
modification of textiles. They discussed nano-structured anti-microbial agents include
TiO, nano-particles, silver TiO, nano-composites. Silver doped in TiO, can lead to
denaturing of protein and cell death because of their reaction with nucleophilic amino
acid residues in proteins, and attach to sulfhydryl, amino, imidazole, phosphate and

carboxyl groups of membrane or enzyme proteins.

Many researchers [156—157] reported that Ag—doped titania coatings were found to be

significantly more photocatalytically, photoelectrochemically and antimicrobially active
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than a titania coating. No antimicrobial activity was observed in the dark—indicating
that silver ion diffusion was not the mechanism for antimicrobial action. The mode of
action was explained in terms of a charge separation model. The coatings also
demonstrated significantly higher activity against the Gram-positive organisms than
against the Gram-negative. Therefore, the Ag-TiO, nanosized coating can be a
potentially useful coating for hard surfaces in a hospital environment due to its
robustness, stability to cleaning and reuse, and its excellent antimicrobial response.
Interestingly, recently Bae et al., [158], the agglomeration of AgNPs (loss of nanosized
characteristics) played an important role in the environmental toxicity. Their study
demonstrated that when the AgNPs were exposed in the ecosystem and then formed
agglomerates, nanotoxicity was reduced. Shrivastava et al., [159] in their review, they
proposed a mechanism of antimicrobial action, as illustrated in figure 2.6. It is however
necessary, according to Prabhu and Poulose [160] to understand that further research is

required on the topic to thoroughly establish the claims.

Akgun and his group, [108, 109] prepared TiO, and silver-containing TiO, (Ag-TiOy)
thin films on silica precoated float glass substrates by a sol—gel spin coating method.
The bactericidal activity of the films was determined against Staphylococcus
epidermidis under natural and ultraviolet (UV) illumination and hence the bactericidal
and photocatalytic activity, is controlled by post-coating calcination treatment (100-650
°C). Ag-incorporated films were found to have superior bactericidal and photocataltyic
activity performance compared to TiO, thin films. It is shown that with optimized thin
film processing parameters, both TiO,and Ag-TiO;thin films calcined at 450 °C were
bactericidal and photocatalytically active. Therefore the calcination treatment
temperature is important and will be also consider in this thesis.
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Figure 2.6 Various modes of action of silver nanoparticles on bacteria.
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CHAPTER 3 EXPERIMENTAL PROCEDURES
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3-1 MATERIAL AND METHODS

The materials and methods used in this thesis are described in this chapter. The
breakdown of the chapter starts with the tabulation of the sourcing of chemicals used to
build-up of the thin films. Thin film supportive substrate cleaning procedures,
preparation of precursor solutions and thin films, characterization techniques and the
equipment used follows, and highlights, difficulties, or variability in the measurements.
Finally, measurement of TG-DTA and preparation for the potassium chloride salt bridge
will be outlined at the end of this chapter. With exceptions, the measurements of
UV-Vis spectra of the thin films, setup of the photocurrent and decoloration of

methylene blue (MB) are described in Chapters 8, 9 and 10 respectively.
3-1.1 Materials

Table 3.1 shows the chemicals used in this thesis. All chemicals were used without
further purification with exception to ethanol that was dehydrated using molecular sieve
A4. Polished quartz glass substrates with dimensions of 250 x 250 x 1.5 mm?® were
purchased from Akishima Glass Co., Ltd., Japan. NaCl single crystals were purchased
from MANAC Incorporated, Japan. Cu grid plates used for the preparation of ultra-thin
film for TEM measurements were purchased from NISSHIN EM Co., Japan. A Ag plate
(20 x 20 x 0.2 mm®) used as a counter electrode for photocurrent measurements was
purchased from Soekawa Chemical Co., Ltd, Tokyo, Japan. Ag/AgCI electrode used as

reference electrodes was purchased from Cypress System Inc, California, USA.
3-1.2 Fabrication procedures of a thin film

3-1.2.1 Substrate Cleaning Process
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Table 3.1 Chemicals used in this thesis.

Chemical Abbreviation® Fw Supplier?
2-propanol IPA 60.10 TC
30% hydrogen peroxide H20, 34.01 SCI
ethanol ? EtOH 46.07 ucl
Methanol MeOH 32.04 TC
methylene blue MB 373.90 WPCI
ethylenediamint_e-N,lTI,N’,N’- tetra EDTA 202 95 KC
acetic acid
dibutylamine Bu,NH 129.25 WPCI
titanium tetraisopropoxide TTIP (Ti(O'Pr),) 273.14 KC
silver acetate AgAC 166.91 WPCI
potassium chloride KCI 74.55 WPCI
agar, powder - - TC
sodium sulfate Na;SO4 142.04 WPCI
nitrilotriacetic acid NTA 191.14 TC
zirconium tetra-butylamine Zr(0-Bu)y 383.68 WPCI

b Abbreviation that are used in this thesis and recognised in chemical industry.

2 The purchased solvent was dried over 4A molecular sieves before use. Other materials were used without further purification.
®  Supplier codes are as follows: TC; Taisei Chemical Co., Ltd., SCI; Santoku Chemical Industry Co., Ltd., UCI; Ueno Chemical

Industries, Ltd., WPCI; Wako Pure Chemical Industry, Ltd., KC; Kanto Chemical Co., TCI; Tokyo Chemical Industry. Co. Ltd.
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High quality thin films require ultra clean glass substrate surface without particle
contamination, metal contamination, organic contamination, ionic contamination, water
absorption, native oxide and atomic scale roughness. It’s considered that this substrate
cleaning process is very important to realize the fabrication of a desirable thin film that
can undergo reproducibility. Mostly people use water as the cleaning substance. Water
is called the universal solvent because more substances dissolve in water than in any
other chemical. This has to do with the polarity of each water molecule. The hydrogen
side of each water (H,O) molecule carries a slight positive electric charge, while the
oxygen side carries a slight negative electric charge. This helps water dissociate many
ionic compounds into their positive and negative ions. The positive part of an ionic
compound is attracted to the oxygen side of water while the negative portion of the
compound is attracted to the hydrogen side of water. However, water is not truly pure.
Pure water has less than 1 colony of bacteria per milliliter and less than 1 particle per
milliliter. Instead, water contains minerals and other substances dissolved from the
surrounding rocks and environment. Never the rest, deionized (DI) water is the most
available cleaning substance available in any laboratory that can be used to clean glass
substrates. Commercial DI water is known to be highly purified and filtered to remove
all traces of ionic, particulate, and bacterial contamination. The theoretical resistivity of

pure water is 18.25 MQcm at 25°C [1].

In this thesis, the quartz glass substrates that are used as supportive surfaces for the thin
films were cleaned on a basis of cleaning process, which was proposed in our laboratory.
The first step, which use a solution of surfactant/alkaline as detergent/water (H,0)
(detergent : H,O = 5: 95, called by Clean-Aec), was performed to remove any organic
material and metallic impurities. This was followed by rinsing several times with DI
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water. After that, these glass substrates were cleaned with 2-propanol (IPA) in an
ultrasonic bath to remove physisorbed organic molecules, natives and chemical oxides

from the surfaces. Then the wafers were dried in a drying oven at 70°C.
3-1.2.2 Preparation of Precursor Solutions

As shown in Scheme 3.1(a), the precursor solution St; contains a Ti*" complex of EDTA
was prepared in accordance with the molecular precursor method (MPM) reported in

our laboratory [2].

() (b)
EtOH 10 g + MeOH 10 g EtOH (1.0 g)
<—— H,edta (3.65 g, 12.4 mmol)

< BU,NH (355 g, 27.4 mmol) D — %H;fg?ﬁgmmol)

cooled to r. t. after refluxing for 2 h

<——Ti(OPr), (3.55 g, 12.4 mmol) <——— BU,NH (0.56 g, 4.3 mmol)

cooled tor. t. after refluxing for 4.5 h Stirred for 5 min

<——H,0, (1.56 g, 13.7 mmol)

cooled tor. t. after refluxing for 0.5 h

S+i (0.4 mmol/g) Spg (0.80 mmol/g)
Scheme 3.1. Preparation procedures of the (a) precursor solution Sti contains a Ti**

complex of EDTA and (b) precursor solution, Saq containing silver acetate.

A stable precursor solution for the spin-coating process can be facilely prepared by
reacting an isolated Ti(IV) complex of EDTA with dibutylamine in ethanol, where

EDTA (Hsedta) represents ethylenediamine-N,N,N',N'-tetraacetic acid. Upon the
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addition of hydrogen peroxide, the solution of an orange-red color was obtained. The
red color of the coating solution is characteristic of Ti* complexes coordinated with the
H,edta®> and peroxo ligand. Based on the structural study reported by Nagai and Sato
[3], it was indicated that the central Ti*" ion is linked by two nitrogen atoms of EDTA
ligand in a Ti complex [Ti(O,)(Hedta)]” . The peroxo complex of Ti*" can be formed in
ethanol under the presence of butylamine. Figure 3.1 shows an ORTEP view of the
precursor complex having the EDTA and peroxo ligands linked to the central Ti** ion.
These coordinations of both EDTA and peroxo ligand with central Ti** ions enhanced
the stability of the coating solution. Furthermore, the coordination number of EDTA
ligand in the complex ion is 5, make the percursor complex having excelent stability,

homogeneity, miscibility and coatability.

Fig.3.1 The structure of the EDTA complex formed in the solution was examined in
order to determine the X-ray crystal structure of its diethylammonium salt [3].The
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single crystal was {(C.Hs)NH2}[Ti(O2)(Hedta)]-1.5H,0; in a monoclinic crystal
system, P,y with a = 8.583(1), b = 6.886(1), ¢ = 36.117(2) A, and B = 92.780(3)°.

The ethanol solution of Ag-nanoparticle, Saq for fabrication of Ag-nanoparticles titania
(Ag NP/TiO2) composite thin film was also prepared separately, based on the new
method developed in this thesis. Scheme 3.1(b) shows how the silver precursor solution,
Sag Was synthesized. Usually, for Ag nanoparticle suspensions, a common method is the
Lee—Meisel method [4], which is a variation of the Turkevich method [5] in that Ag
nitrate is used as the metal source. The application of acetate adapted in this thesis in the
reaction allowed synthesizing metallic nanoparticles without any additional reducer. It
makes that kind of synthesis simple, fast, and relatively cheap, and makes it possible to
obtain pure composites without any impurities, which is a big advantage when

compared to the reduction of silver nitrate [6, 7].

3-1.2.3 Spin coating the precursor solutions and heat treatment furnace

Spin coating is one of the thin film fabricating processes used to deposit ultra-thin films
on substrates. It is performed by deposition a precursor solution with enough amounts to
be evenly spread on the substrate surface. The precursor solutions employed in this
thesis can easily washed away with water from substrate surface and the substrate can
be recycled. Recycling of such a substrate in an industrial application would constitute a
large improvement in the loading process, and will be suggested in the
Recommendations section of this thesis. Figure 3.2 illustrates the steps involved in spin
coating system employed in this thesis. A spin coating system is used for thin film

formations and for creating new materials at high temperature. Figure 3.3 shows two
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thin films of titania (TiO;) and Ag nanoparticles (Ag NP) were formed by heat treating

the spin-coated precursor films and applying the solutions St and Sag, respectively.

water

. Reclamation
Precursor solutions of the If, failed in the

HHHIHNI c0aNg_ substrate formation
Stitania

Sonicated with Spln/.@ No Pre-heated , Precursor film
Or  Stirring for 5 min

LT :
Heat treating

Heated at 600°C in
air for 30 min

Ssilver

Spin coat
Spin—coated on a quartz glass substrate
of 2 X 2 cm?, with Ist step 500 rpm—>5
sec & 2nd step 2000 rpm—30 sec.

Furnace

Fig. 3.2 Fabrication of thin films on quartz glass using spin coating system
3-1.2.4 Preparation of Ag/ Titania composite Precursor Solutions and Thin films

The Scomposite, With different compositions were achieved by mixing a certain amount of
Sag With Sti. Then, the Scomposite Were sonicated with stirring for 5 min to increase the
homogeneity. Figure 3.4a-h shows the photographs of the ten resultant composite thin

films. Thin films were fabricated by heat-treatment at 600°C for 0.5h to remove residual

organic compounds.
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Fig. 3.3 Photographs of (a) TiO; thin film and (b) Ag NP fabricated at 600°C for 30

mins.

" (c) COMP-Ag30

(a) COMP-Ag10 " (b) COMP-Ag20 (d) COMP-Ag40

(e) COMP-Ag50 (f) COMP-Ag60 (g) COMP-Ag70 -

Fig. 3.4 Photographs a—h, of the Ag-NP/TiO, composite thin films at various amounts
of Ag molar concentrations: a 10, b 20, ¢ 30, d 40, e 50, f 60, g 70, and h 80,

respectively.

The Ag-nanoparticle/titania composite (COMP-Agn) films were fabricated by heat
treating the spin-coated precursor films, while applying the solution Scomposite, at x °C for
y min in air. The number n in the notation of the composite films indicates the silver

molar percentage (Ag mol%) to TiO,; for example, the name COMP-Ag40 indicates
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that the silver molar percentage in the Scomposite SOlUtion was 40 mol%. The Ag-NP/TiO,
composite thin films were deposited by spin coating of the Scomposite ONto the substrates
with a double step mode: first at 500 rpm—>5 s and then at 2000 rpm—30 s in all the
cases. The furnace for heat treatment used in this investigation was QHC-P610CP

(ULVAC RIKO Co. Ltd).

3-2 MATERIALS CHARACTERIZATIONS

One essential prerequisite for the fabrication, characterization and development of
nanomaterial based thin films is the availability of techniques, which allow the
characterization of the physical and chemical properties of a nanoscale level.
Meanwhile there is a considerable arsenal detection and characterization of methods for
nanostructures. Here, 1 am presenting only the methods that were employed in this
thesis for the study of nanomaterial properties. In the following sections the
specifications and limitations of the main methods used for characterization of

composite thin films employed in this thesis will be briefly summarized.

3-2.1 Atomic structure and chemical composition

3-2.1.1 X-ray diffraction (XRD)

To characterize a thin film atomic structure at large scale, XRD technique appears as the
most powerful methods. It is based on the diffraction of an X-ray incident beam by
reticular planes of crystalline phases in a thin film sample. The bean is diffracted at
specific angular positions with respect to the incident beam depending on the phases of
the sample. When the crystal size is reduced toward nanometric scale, then a broadening

of diffraction peaks is observed and the width of the peak is directly correlated to the
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size of the nanocrystalline domains, which based on Debye-Scherrer relationship [8].
Neutron beam can be also used to replace the X-ray incident beam, whoever, the
diffracted intensities are modulated by weighting factors, which differ between X-ray
and neutron due to the difference in the nature of interaction. Moreover, neutron

diffraction requires also neutron facilities, however all techniques can be performed on

dry powder, thin films or on a liquid suspensions.
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Fig. 3.5 XRD patterns of the silver and titania thin films. The peaks of each phase are

denoted as follows: filled inverted triangle silver, filled circle anatase, and filled square

rutile (MXP-18 AHF22, Bruker AXS).

In this thesis, the X-ray diffraction (XRD) patterns of Ag particles, titania, and
COMP-Agn films were measured using an X-ray diffractometer (MXP-18 AHF22,
Bruker AXS) with Cu—Ka rays generated at 45 kV and 300 mA. Parallel beam optic
was employed with an incident angle of 0.3°. Figure 3.5 shows XRD patterns of the
films fabricated at 600°C applying the solutions St and Spag, respectively, from which it
was elucidated that the resultant silver and titania films contain Ag crystallized in the
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cubic system [JCPDS card 4-783, 1978] and titania crystallized in the tetragonal system

[JCPDS card 21-1272, 1978; JCPDS card 21-1276, 1978], respectively.

3-2.1.2 X-ray Photoemission Spectroscopy (XPS)

XPS or Electron Spectroscopy for Chemical Analysis (ESCA) refers to the
photoemission of electrons produced by a monochromatic X-Ray or UV beam. XPS
spectrometers measure the kinetic energies of the electrons. Due to the limited means of
free path of the electrons in a thin film, only few nanometric layers are investigated.
Since binding energies (eV) are highly sensitive to chemical bonding, a map of the
bonding configuration is obtained for surface layers. Another method used to
investigate the conduction band of the material is X-ray Absorption Spectroscopy
(XAS). However, XAS methods are selective and well adapted for samples with lower

crystallinity (amorphous).

In this thesis, a Phi Quantum 2000 Scanning ESCA Microprobe (Shimadzu) with a
focused monochromatic Al-Ko X-ray (1486.6 eV) source was employed in order to
evaluate the elemental states and quantities—Ti, O, C and Ag— in the thin films. Figure

3.6 shows the XPS high resolution wide scans for COMP-Ag50.

No critical surface charging during the XPS measurements was observed; thereby, no
correction of binding energy was performed. The depth profiles were obtained with the
identical instrument. The stepwise etching was performed by bombarding the Ar” ions
with 2 kV for 3 min before measuring each layer. The major XPS peaks include Ag 3d,
Ti 2p, and O 1s. The XPS peak for Cls (284.8 eV) is due to the adventitious

hydrocarbon from the XPS instrument itself.
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Fig. 3.6 Representative wide-scan XPS survey spectrum taken from the surface of

COMP-Ag70 composite thin films. (Phi Quantum 2000 Scanning ESCA Microprobe).
3-2.2 Determination of size, shape and surface area of the thin films

Electron microscopies are methods of choice used to investigate particles size, shape
and structures and also agglomerates. They regroup two techniques, namely: Field
Emission Scanning Electron microscopy (FE-SEM) or Transmission Electron
Microscopy and both techniques will be employed in this thesis. STEM microscopes are
field emission gun scanning/transmission electron microscopes. The STEM combines
the features of both TEM and SEM. Apart from electrons microscopic methods, other
methods include Brunauer Emmet Teller (BET), helium pycnometry, epiphaniometer,

laser granulometries, Zeta potential, elliptically polarized light scattering.

3-2.2.1 Field Emission Scanning Electron microscopy (FE-SEM)
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FE-SEM is a microscope that uses a stream of electrons rather than beam of light to
form an image (electrons are emitted from a field-emission gun). The SEM was used in
this study rather than a light microscope, because SEM has a large depth of field, which
allows a large amount of the substrate surface to be focused and observed at one time.
FE microscopes could reach resolutions of the order of 1 nm using a cold cathode. If
they are equipped with an Energy Dispersive Spectrometer (EDS), chemical
composition can be obtained. Preparation of the samples is relatively easy, although
some most SEMs may require the sample to be conductive. In our laboratory, the
nonconductive thin films are usually coated with gold particles through sputtering
technique. The photograph of FE-SEM in our laboratory is shown in figure 3.7. The
surface morphology of the resultant films was observed using a FE-SEM (S-4200,
Hitachi) at an accelerating voltage of 5.0 kV. The elemental mapping of COMP-Ag70
films was observed with an EDS equipment which is equipped on FE-SEM (S-4200,

Hitachi).

Fig. 3.7 Photo for FE-SEM (Field Emission Scanning Electron microscopy.
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Figure 3.8 shows the surface morphology of the silver and titania films obtained. Then

size distribution and shape of nanoparticles can be investigated by FE-SEM.

Ag-NP eG4 Titania

bery

Fig. 3.8 Surface morphology of silver and titania thin films obtained by SEM at an

accelerating voltage of 1 kV. (S-4200, Hitachi).

3-2.2.2 Transmission Electron Microscopy (TEM)

Unlike the observation of the surface of the thin film using SEM, the study of internal
morphology of the thin film is important and TEM image is the most important analysis
method to characterize physical film quality and interface condition. Size distribution
(with low statistic) can be obtained by counting the number of particles. At lower
magnifications, the way in which nanoparticles are connected can be observed. Then,
qualitative information about the agglomerates structures is deduced from observations.
The TEM resolution is below 1 nm for the High Resolution Microscopes (HRTEM).
High resolution is performed to look at crystal quality and interfaces. Figure 3.9 shows
TEM system. First, focus lenses change convergent angle and beam size. The electron
beam transmitted through the thin fragment sample passes objective lens and projective

lens, and finally projected on fluorescent screen. Recording of the image is performed
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by direct exposure on exclusive film for electron microscope set lower part of the

fluorescent screen.

Electrongun |,

Focus lens [ ]

Sample

Fig. 3.9 Photo and schematic diagram for TEM (Transmission Electron Microscopy)

observation. Several magnetic lenses are used to magnify the object image.

Electron interacts strongly with lattice by scattering. Thus, sample has to be very thin
fragment. Required thickness of the sample is 5 to 500 nm at 100 kV. TEM images are
obtained in very high resolution such as 0.2 to 0.3 nm at 200 kV. In this thesis, the
nanostructure images were observed with a transmission electron microscope (TEM

H8100, Hitachi) at an accelerating voltage of 120 kV.

3-2.2.3 Thickness Analysis — Profilometry

The film thicknesses of titania and COMP-Agn films were measured using a stylus
profilometer (DEKTAKS, Sloan) with the travel length set to 30 mm in order to traverse

the breadth of the 10 mm x 30 mm deposited film. This was done to ensure that the
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height of the film was measured at both sides in order to correct for any unevenness or

tilt of the underlying substrate. The scan traverse is shown below in figure 3.10.

Profile
Scan

Fig. 3.10 Profile scan of a 10 x 30 mm Ag/TiO, composite thin film on a 30 mm x 30

mm glass slide.

The samples were measured at three points across the film and repeated at the first point
three times, and at the second point two times to give a total of six perspectives as to the

distribution of scan data. One such scan is shown in figure 3.11, below.

-

Fig. 3.11 Sample profilometric scan covering a 30 mm travel span.
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The data was corrected for any underlying sample tilt and curvature by the software
produced by Veeco Inc. Surface roughness is a product of disorganized film growth,
and may be a result of Ag NPs agglomerated on surface of the thin film. Moreover, any
moisture present while loading will lead to the decomposition of the film as described
by Schopf and KolRmehl, [8] and the resultant film will be rough and porous, while

dissolved gasses may result in bubbles on the surface producing porosity.

3.2.3 Four probe technique

The four probe technique shown in figure 3.12 was employed in this thesis to determine

the electrical resistance of the synthesized thin films.

Fig. 3.12 Photo of four probe system

The film thicknesses of titania and COMP-Agn films were measured using a stylus
profilometer (DEKTAKS, Sloan). The electrical resistance at 25°C was measured using
the four probe method involving two multimeters (VOAC7512, lwatsu and Model 2010

Multimeter, Keithley) and a regulated DC power supply (Model PAB 32-1.2, Kikusui
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Electronics Corp.). Four gold-plated tungsten probes (FELL type, K&S) were placed at

intervals of 1 mm, and an added load of 0.2 kg was applied.

Using data obtained from four probe measurement, resistance of the thin film can be
calculated from potential difference (voltage (v)) between inside 2 terminals (Between
B and C probes) after applying the current (I) between outside 2 terminals (between A

and D probes) as illustrated in figure 3.13.

AB=BC=CD=1mm

Fig. 3.13 Illustration of four point probe system

For an arbitrarily shaped sample the electrical resistance (p) is given by:

4
P= T CF s (311)

where CF is correction factor that depends on the sample geometry. For instead, if the
distance among probes (s; in this study, s= 1 mm) is greatly shorter than the width of

samples (d), CF equals to:

X Y € )

m2
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The electrical resistivity, p, of the films was calculated using equation (3.3):

P=CRt .o e e (323)

where ¢, R, and t represent the correction value (4.53), electrical resistance, and film

thickness, respectively.

3-2.4 Mechanical strength of the thin films

The mechanical properties of samples are often determined by means of indentation
methods [10]. Young's modulus can be investigated using a indenter for a load from 0
N to 200 N, by the depth sensing indentation (DSI) method for an indentation load from
0 mN to 2000 mN and by the impulse excitation technique (IET) at room temperature
and high temperatures. Marshall et al., [11] developed a method for determining the
Young's modulus based on the measurement of elastic recovery of the in-surface
dimensions of Knoop indentations. The extent of recovery depends on the elasticity
index, or H/E ratio. The DSI method is the most frequently used indentation test for
determination the Young's modulus, knoop hardness and stress. It was developed by
Oliver and Pharr, 1992 [12] and it is based on recording the load — penetration curves
during the loading and unloading process and takes into account the large elastic
recovery during unloading. Young's modulus can be determined from the slope of the
unloading curve using a modified form of Sneddon's flat punch equation [13].
According to the ASTM standard [14] in the case of isotropic samples of rectangular

shape with appropriate dimensions, the Young’s modulus E can be calculated as:

2
E = 0.9465 x [mxlf ] X [g] e e e e e (3.9)
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where f; represents the resonance frequency and m the mass of the sample. L, b, and t

are the dimensional units (length, width, and thickness).

The instrumented scratch tests included sliding-scratching over 5 mm length at a speed
of 0.2 mm/s under a constant load, using a Rockwell diamond indenter, on test

specimens. The scratch hardness (HS) can be calculated using equestion 3.5 [15].

HS = Hi X [ﬁ] X W—’%] S (o 1<)

fr wé

HR is the hardness of the reference material, WR and WS are the scratch widths on the
reference and specimen, respectively. The scratching loads for the specimen (FS) and

the reference (FR) should be such that the scratch widths should be similar.

In this thesis, the indentation, scratch, and imaging techniques were employed for
evaluation of mechanical and tribological properties of numerous film specimens using
a scratch test of the coated film was performed using a scratch tester (HEIDON-22,
Shinto Scirntific) equipped with a Rockwell diamond C stylus of 200 Am radius and
friction force measurement. The photograph of the instrument employed in this thesis

and its schematic representation are presented in figure 3.14.

The measurements were made at progressive loads from 0 to 30 N. The stage speed was
0.40 mm/s and the stylus was pressed on a sample at the rate of 0.26 mm/s. All scratch
traces were observed by laser microscope. Its software allows for image analysis to
obtain scratch depth profile along any direction of the image. The hardness values were
obtained from equation (3.5) above. Three samples were selected for each condition and

tests were performed twice for each sample.
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Fig. 3.14 (a) Scratch tester (HEIDON-22, Shinto Scirntific), (b) a schematic
representation of the experimental apparatus used to perform the indentation
experimement: (A) sample; (B) indenter; (C) load application coil; (D) indentation

column guide springs; (E) capacitive displacement sensor.

The method is based on the notation that, at peak load, the material conforms to the
shape of the indenter to some depth; if this depth can established from the
load-displacement data, the projected area of contact can be estimated directly from the

shape fuction.

Figure 3.15 shows the representative load-displacement plots, the unloading portions of
which were analyzed using the Oliver-Pharr methodology [12]. Two obvious choices
for the depth, though not the only one, are the depth at peak load, hyax (i.€., the residual
depth of the hardness impression after loading cycle), and the final depth, h; (i.e, the
residual depth of the heardness impression after final unloading), both of which are
easily determined from indentation load-displacement data as illustrated in figure 3.15.
Figures 3.16 shows load-displacement curves obtained from indentation tests on a

quartz glass substrate and pure TiO; thin film fabricated quartz glass.
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Fig 3.15 (a) A schematic representation of load versus indenter displacement data [12]

(b) load-displacement plots for metals [15].
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Fig. 3.16 Indent test curves of the pure titania and quartz glass.

3-2.5 TG-DTA technique

T og5th (im)”

epth (hm)”*

05

Thermal gravimetry (TG) is method of thermal analysis in which changes in physical

and chemical properties of materials are measured as a function of increasing

temperature (with constant heating rate), or as a function of time (with constant

temperature and/or constant mass loss) [16]. TG is commonly used to determine

selected characteristics of materials that exhibit either mass loss or gain due to

114 | Page



decomposition, oxidation, or loss of volatiles (such as moisture). On the other hand
differential thermal analysis (DTA) is a thermoanalytic technique, similar to differential
scanning calorimetry. In DTA, the material under study and an inert reference are made
to undergo identical thermal cycles, while recording any temperature difference
between sample and reference. This differential temperature is then plotted against time,
or against temperature (DTA curve or thermogram). Changes in the sample, either
exothermic or endothermic, can be detected relative to the inert reference. Thus, a DTA
curve provides data on the transformations that have occurred, such as glass transitions,
crystallization, melting and sublimation.The combination of the two instruments refer as
TG-DTA can provide the temperature and heat flow of the sample, simultaneously with
mass loss. It can be used to study the crystallization behavior of a precursor solution

under thermal condition.

In this thesis, TG-DTA machine, (Model TAS-100, Rigaku, Japan) is employed. A
DTA consists of a sample holder comprising thermocouples, sample containers and a
ceramic or metallic block; a furnace; a temperature programmer; and a recording system.
The key feature is the existence of two thermocouples connected to a voltmeter. One
thermocouple is placed in an inert material such as Al,O3, while the other is placed in a
sample of the material under study. As the temperature is increased, there will be a brief
deflection of the voltmeter if the sample is undergoing a phase transition. This occurs
because the input of heat will raise the temperature of the inert substance, but be

incorporated as latent heat in the material changing phase.

The assessment of DTA data must be done with care since the curves and their

interpretation can be influenced significantly by experimental conditions that can cause
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to lower temperatures: (1) a slow heating rate results in peak broadening, which lowers
the onset temperature; (2) a slow heating rate also causes the entire peak to shift; (3)
fine particle size shifts and narrows the entire peak; and (4) the static enclosed
atmosphere induces a slightly reducing atmosphere, which enhances oxygen vacancy

formation in oxides.
3-2.6 Preparation of KCI gel for salt bridge.

In this thesis, a salt bridge consists of a U-shaped glass tube filled with a relatively inert
electrolyte; potassium chloride is used. The electrolyte is jellified with agar to help
prevent the intermixing of fluids which might otherwise occur. The conductivity of a
glass tube bridge depends mostly on the concentration of the electrolyte solution. An
increase in concentration below saturation increases conductivity. Beyond-saturation

electrolyte content and narrow tube diameter may both lower conductivity [17].

H,O (100 ml in 200 ml beaker)

<—— Agar powder (4.0 g)

<——Add 40 g of KClI slowly after heating
to 40 °C for 10 min.

<~ When all KClI dissolved, heat the gel
80 °C for 10 min.

<——Cooled to 40 °C.

cooled to r. t. after transfer the KCI gel
in to U-shape salt bridge.

Scheme 3.11. Preparation procedure of the KCI salt bridge used in photocurrent

measurement.
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CHAPTER 4: DETERMINATION OF OPTIMAL HEAT TREATMENT
TEMPERATURE FOR THE FABRICATION OF Ag/TiO, COMPOSITE THIN

FILMS USING MPM.
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4-1 INTRODUCTION

Specific heat treatment temperature causes the changes in material structure, nature of
distribution of the nanoparticles/crystallites in the film, material density, desorption of
volatile impurities from the film surface depending on the method, dopants, temperature,
time etc [1]. The effects of heat treatment temperature are expected to be reflected in the
crystal phase of the films. TiO;, has three crystal phases: anatase (tetragonal), rutile
(tetragonal) and brookite (orthorhombic). Among them, the anatase is a meta-stable
phase and has a band gap (3.2 eV) higher than the other ones. In the synthesis of TiO,
films by various methods, the initial crystalline TiO, phase formed is generally anatase.
However, anatase and brookite phases may be transformed to rutile phase with heat
treatment [2]. The latter is difficult to synthesize and so is seldom studied [3]. The
production of high photoactivity material with high temperature anatase phase stability
is one of the key challenges in smart coating technology. Increase in temperature allows
the structural transformation of TiO, from anatase to rutile irreversibly at elevated
temperatures [4]. This transformation does not have a unique temperature and the
processes that are involved in the transformation. Recently, Behforooz et al., [5] review
the differences between the two main polymorphs of titanium dioxide, the nature of the
anatase to rutile transformation, and the principles of controlling phase composition

through the inhibition or promotion of the transformation of anatase to rutile.

The rutile structure has a band gap of 3.0 eV and is the most common white pigment in
paint products due to its extremely high refractive index (n = 2.8) [6]. It should be noted
that it is possible to form rutile under near room temperature conditions [7, 8].

Hydrothermal methods of synthesis, which can facilitate the precipitation of crystalline

119 | Page



TiO, directly from a liquid phase, can be controlled to precipitate rutile. Aside from this
method, rutile is obtained only through high-temperature treatment. It is well known
that temperatures that promote the anatase to rutile transformation, which can take place
anywhere between 650 and 1,000 °C, depending on the coating solution characteristics
[9-11]. The temperature difference between the phase transformation from anatase to
rutile in the sol-gel method and the MPM is reported by Nagai et al., [12]. Using both
MPM and conventional sol-gel method, the anatase phase appears during the
heat-treatment of both precursor films at a temperature between 400 and 500°C [13]. By
using MPM, anatase can be transformed to the rutile one between 500 and 700°C [12],
while a sol—gel process reprted by other authors [14—16] showed that anatase could not
transformed to the rutile one, even when heat-treated at 900°C. Moreover, research has
shown that the addition of a foreign agent to the initial solution controls phase transition,
particles size and morphology of TiO, [17]. The applications of titania depend on its
crystal phase, particle size, surface area and thermal stability. Hence, it is important to
have full comprehension of the influence of the processing parameters in a particular

technique.

Although numerous techniques have been applied, the majority of these efforts are
through doping of the TiO, with; noble metals, transition metal ions, or anions [18—22].
Of particular interest here is the doping of TiO, with silver (Ag/TiO,). In term of doping
titania with silver as a foreign agent, it has been shown that the introduction of Ag, even
in small amounts, can greatly affect TiO,-based thin film properties including;
crystallinity, morphology, and chemistry [23]. Therefore, the effects of Ag to TiO, thin
film properties must being understood completely include introduction of large amount
of Ag into TiO,-based thin film. Various processing parameters, including heat
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treatment temperature and time can be used to control material properties including
crystal phase, crystal size, density, and surface structure of titania [2, 5, 23, 24]. The
generation of the phases of TiO, depends significantly on the synthesis parameters,
which in turn affect the product. The kinetics of these processes typically is considered
in this chapter in terms of temperature while keeping heat treatment time and the
atmospheric environment constant. In terms of the former, It is known that anatase is
considered widely to begin to transform irreversibly to rutile in air at 600°C [25];
however, the reported transition temperatures vary in the range 400-1200°C owing to
the use of different methods of determining the transition temperatures, raw materials,
and processing methods [14—16, 26, 27]. In the absence of a foreign agent or precursor
modification, anatase to rutile transformation in synthetic TiO, usually occurs at a
temperature of 600 to 700 °C [14—16]. Using MPM, Nishide et al., [27] prepared titania
gel and films from Ti-edta complex solutions. Anatase appeared in the gel at firing
temperatures between 450 and 500°C, and was transformed to rutile at temperatures
between 550 and 600°C. They concluded that this low transformation temperature is

presumed to be due to the small crystalline size and micro pores in the film.

Moreover, as stated in the introduction chapter (Chapter 2), the MPM has many
advantages with respect to the other fabrication techniques in terms of crystallinity,
purity, homogeneity and stability. Sato and his group [12, 13] compared the crystallite
sizes of the TiO, thin films fabricated by MPM and those fabricated my sol-gel method.
The crystallite size of the oxide particles in the resultant thin films fabricated by the
MPM is generally smaller than those prepared by the conventional sol-gel method.
Compared to a conventional sol—gel solution, the stability of the molecular precursor
solution for Ti complex of EDTA and a SrO precursor solution containing a Sr complex
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of EDTA is extremely high, and therefore, the molecular precursor method has practical
advantages [13]. Based on the excellent miscibility of the molecular precursors in the
SrTiO3 thin film fabrication, heat-treatment was shown to be an essential step.
Moreover, using MPM, the metal complex ions dissolve independently in each
precursor solution and the homogeneity of the mixed solution can be kept at the
molecular level. On the basis of this excellent miscibility in the MPM,
Ag-nanoparticle/titania (Ag- NP/TiO;) composite thin films with a wide range of
volumetric fractions of Ag in the titania matrix can be developed using the titania

precursor Sri.

In this chapter, using the two precursor solutions of titania and silver prepared using
MPM, the resultant composite solution with a 1:1 mixed molar ratio was used to
fabricate Ag/TiO, composite thin films and heat treated at different temperatures (250—
800°C). The structural and optical properties of silver/titania nanoparticles were studied
using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field-emission
scanning electron microscope (FE-SEM), Thermal gravimetry/ differential thermal
analysis TG/DTA) and UV-Vis absorption spectroscopy. Mixed-phase photocatalysts
with rutile-anatase compositions have been reported to exhibit enhanced photoactivity
relative to single-phase titania[14—16, 26, 27]. The aim of this chapter is to find the
optimal heat treatment temperature that will allow me to fabricate pure, homogeneous,
stable and mixed-phase Ag-NP/TiO, composite thin films with rutile-anatase
compositions. Alternatively, as discussed subsequently through chapter 2 and 3, doping
also may act advantageously through reduction in the band gap and improvement in the
charge carrier separation, associated extended exciton lifetime [28] and enhance
electrical conductivity of the thin film. With those properties, electrical conductivities
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and photoelectrochemical properties of the synthesized Ag/TiO, composite thin films

fabricated at different heat treatment temperature will be also reported in this chapter.

4-2. EXPERIMENTAL

4-2.1 Materials

All the materials employed in this chapter are tabulated in Chapter 3, Table 3.1.

4-2.2 Fabrication Process of Ag/TiO, composite thin films at different heat

treatment temperature.

After substrate cleaned by chemicals as illustrated in the Chapter 3, section 3-1.2.1, Ag
ITiO, composite film were fabricated by a spin coating system. Spin coating is one of
the coating processes used to deposit ultra-thin films on substrates. The preparation of
silver (Sag) with titania (St;) precursor solutions are reported in the previous chapter
(Chapter 3). The composite precursor solution (Scomposite), With a 1:1 mixed molar ratio
were achieved by mixing Sag with Sqi, respectively. Then, the Scomposite Were sonicated
with stirring for 5 min to increase the homogeneity. The Ag-NP/TiO, composite thin
films were deposited by spin coating of the Scomposite ONtO the substrates with a double
step mode: first at 500 rpm—5 s and then at 2000 rpm—30 s in all the cases. Figure
4.1a—g shows the photographs of the resultant composite thin films. Thin films were
fabricated by heat-treatment at different temperatures (70-800°C) for 0.5h in order to
find the optimal heat treatment temperature. Thin films of pure TiO, were also
fabricated for comparison purpose by heat treating the spin-coated St; precursor films at

different temperatures.
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Fig. 4.1 Photographs a—h, of the Ag-NP/TiO, composite thin films fabricated by
heat-treatment at different temperatures: a 250, b 300, ¢ 400, d 500, e 600, f 700, and g

800°C, respectively for 0.5h in air.

Crystal structural, surface morphology and nanostructures of the fabricated thin films
were performed using XRD, and FE-SEM, as described in chapter 3, respectively. A Phi
Quantum 2000 Scanning ESCA Microprobe (Shimadzu) with a focused monochromatic
Al-Ka X-ray (1486.6 eV) source was employed in order to evaluate the elemental states
and quantities—Ti, O, C and Ag— in the thin films. No critical surface charging during
the XPS measurements was observed; thereby, no correction of binding energy was
performed. The depth profiles were obtained with the identical instrument. The stepwise
etching was performed by bombarding the Ar* ions with 2 kV for 3 min before measuring

each layer.

The absorption spectra for these composite thin films fabricated on quartz glass
substrates were measured in the range 200-800 nm using the double-beam mode. The
measurement was performed using a spectrophotometer (U-2800, Hitachi) and air was
used as a reference. Respective electrical resistivity and photoelectrochemical properties

were examined by employing four-probe and three-electrode methods.
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4-3 RESULTS AND DISCUSSION

4-3.1. Crystal structure of the thin films

Figure 4.2 shows the XRD patterns for pure TiO, films and Ag/TiO, composite thin films
heat treated at different temperatures. The peaks found at 20 =27.5, 36.2, 39.3,41.4, 44.3,
54.5, 56.7, 64.2, and 69.2°, corresponding to the (110), (101), (200), (111), (210), (211),
(220), (310), and (301) phases of rutile [JCPDS card 21-1276]. The peaks observed at 20
= 25.6, 38.1, 48.4, 54.2, 55.5, 62.9, 69.1, 70.7, and 75.3°, corresponding to the (101),
(004), (200), (105), (211), (204), (116), (220), and (215) phases of anatase [JCPDS card
21-1272]. The peaks at 38.18, 44.39, 64.58, and 77.54° are assigned as the (111), (200),
(220), and (311) reflection lines of fcc Ag particles (JCPDS file, No. 04-0783),
respectively [JCPDS card 4-783]. Weak and broadened peaks in the spectra might be

due to the small grains of the composites.
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Fig. 4.2 XRD of (a) Pure TiO, (b) Ag/TiO, composite thin films heat treated at
different temperatures fabricated by MPM. The peaks of each phase are denoted as
follows: filled inverted triangle silver, filled circle anatase, and filled square rutile.
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Pure TiO, thin films heat treated at 300°C and below are amorphous. For Ag/TiO,
composite thin film sample heat treatment at 400°C and below, no diffraction peaks at
25.4° corresponding to anatase were observed, indicating that TiO, was amorphous or
well dispersed inside the silver/organic matrix, with a crystal size smaller than those of
silver particles [29]. The intensity of the (111) and (200) diffraction peaks of Ag phases
found to be increased as the heat treatment is increasing up to 500°C. Sharp diffraction
peaks indicated the formation of pure silver of high crystalline [30]. Anatase and rutile
mixed phases in composite thin films obtained at 600 and 700 °C consists of about 63
wt% anatase phase and 37 wt% rutile phase. After heat treatment temperature above
700°C for 0.5 h, the peak intensity of anatase greatly decreased and the samples mainly

consisted of rutile.

Usually, anatase transforms to rutile at high temperature such as 700C in air from Ti-edta
complex solutions [27]. This is exactly what happens for my pure TiO; thin film as
illustrated in figure 4.2. However in the case of the Ag/TiO, composite thin films, 100%
rutile phase could be only obtained at round 800°C. No extraneous peaks appeared under
the heat treatment, only peaks for Ag metallic and TiO, were detected with the
exception of the peak observed at 36.5° in the XRD pattern of the composite thin films
fabricated at high temperature (600, 700 and 800°C); indicates the presence of silver
oxide [JCPDS card 40-909]. Thermodynamics studies have suggested that silver is more
stable than Ag,O/AgO at temperature of > 189.8 °C in air [31]. Therefore, any of
Ag,0O/AgO that is present decomposed to metallic silver during heat treatment stage.
The small amount of Ag,0O that appear in the XRD may be formed during the cooling

stage. These results indicated that low mechanical energy associated with silver oxide
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decelerated the phase transformation of anatase to rutile, thus delay the transformation

of anatase to 100 % rutile until round 800°C.

4-3.2. Chemical identity of the Ag/TiO, composite thin films

| performed depth profiling XPS to further clarify changes in chemical states and
electronic structures with change in heat treatment temperature. Figure 4.3 shows the
XPS high resolution wide scans for Ag/TiO, composite thin film heat treated at 600°C.
The major XPS peaks include C1s Ag 3d, Ti 2p and O1s (Figure 4.3 insets). The carbon
might come from two sources: adventitious element carbon from the impurity of

equipment chamber, and carbon residues from the impregnation of alcoholic precursor.
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Fig. 4.3 Representative wide-scan XPS survey spectrum taken from the surface of

Ag/TiO, composite thin films heat treated at 600°C.

For narrow scan, the depth profile for Ag/TiO, composite thin films at different heat

treatment temperatures were also performed and are tabulated in Table 4.1. The high
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resolution Ag 3d peaks for all thin films are located at 370.6 eV (3ds,) and 376.7 eV

(3ds;) on average. The interpretation of Ag 3d peaks is rather delicate because the

chemical shifts between metallic and oxide phases are very weak. However, it is now

admitted that oxide contributions generate negative shift [32]. The shift is usually

smaller for Ag,O (0.3-0.4 ¢V) and larger for AgO (0.8—1.0 e¢V) [33]. The best way to

evaluate this is to consider the spin-orbital splitting. The metallic Ag is known to exhibit

a spin—orbit splitting of 6.0 eV [34]. All the Ag/TiO, composite thin films exhibit such

spin-orbital splitting of 6.0 eV, hence this is attributed to mainly metallic Ag [34, 35],

consistent with the XRD result reported above.

Table 4.1 XPS peak value for Ag/TiO, composite thin films at different heat treatment

temperatures.
Heat treatment Ag3dsy Ag3dus  TiZpas Ols
temperature (°C)
70 372.6 378.5 459.5 536.4
250 372.3 378.2 459.3 537.9
300 3724 378.3 459.1 535.3
400 372.0 378.2 459.6 534.6
500 368.1 374.3 458.1 531.1
600 367.8 373.9 458.5 530.9
700 370.1 376.4 458.7 533.0
800 369.3 375.8 459.8 5325
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The Ti 2ps, peak (Table 4.1) is found in the range of 458.1-459.69 ¢V eV (within
experimental uncertainty), attributed to Ti** for pure crystalline TiO, [33, 36]. The Ti
2ps2 binding energy band at lower heat treatment temperature (70 to 400°C) shifts to a
higher position than that fabricated at higher heat treatment temperature (500—800°C),
indicating a decrease in electron density of the Ti atoms in the Ag/TiO, composite thin

film samples with heat treatment temperature.

Spectral changes in the O 1s region of XPS spectra provided more quantitative
information on the kinetics of Ag oxide and TiO, formation. Peak values od
high-resolution spectra of Ol1s obtained from the samples heat treated at different
temperature are presented in Table 4.1. The O1s spectra are broad and complex (figure
4.3, insets), suggesting contributions of several oxygen species. A peak at 530.6 eV is
attributed to Ag,CO;3; and adsorbed CO, (530.5-531.0 eV) [34]. A broad peak at
531.9-532.0 eV is associated with dissolved oxygen (530.5-531.5 eV) [36]. Therefore,
the O 1s peaks (Fig. 4.3) found at 530.9-537.9 eV wide range region is decomposed into
several contributions. The main contribution is attributed to Ti-O in TiO, [37]. The other
kinds of oxygen contributions can be counted by Ti-O bond of hydroxyl groups from

alcohol precursor, the C-O bonds and the adsorbed H,O, respectively
4-3.3. TG/DTA of the Ag/TiO, composite thin films

The presence of unintentional impurities or intentional dopants has a strong effect on
the Kinetics of the anatase to rutile transition [38]. TG-DTA peak apices can be
considered to be applicable for comparative analysis of the phase transformation
considering the impurities. TG-DTA analysis shown in figure 4.4 indicates that residual

organic substances have exotherm maximum at 343.2°C and then at 463.7°C and
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completely burned out at about 513.4°C. Therefore all the prepared samples heat treated
at around 463.7°C will result in the transformation of titania amorphous to crystalline
anatase phase. High crystalline anatase is only expected to be formed at around 513.4°C
when complete combustion took place thus a very sharp exothermic peak is observed

due to the formation of anatase phase.
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Fig.4.4 TG/DTA curves of Ag/TiO, composite precursor solution (Scomposite-)

From these results, DTA analysis results seem to vyields higher transformation
temperatures than XRD analysis. This probably is a result of the sigmoidal form of the
Kinetics curve, as shown subsequently. That is, the phase transformation commences
slowly at an onset temperature of 463.7°C and so it is more likely that the exotherm
maximum (viz., the apex) is observed later in the phase transformation process, when the
transformation rate is greatest; the rate of transformation subsequently decreases along

with the corresponding latent heat as anatase converts to rutile. Usually, heat treatment at
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450°C afforded an anatase phase, while treatment at 700 °C yielded a rutile phase using
sol-gel method [39]. Hu et al., [40] have reported that TiO, normally undergone an
anatase-to-rutile phase transition at around 600-700°C. While using MPM, Nishide et
al., [27] reported that anatase appeared in the gel at firing temperatures between 450 and

500°C, and was transformed to rutile at temperatures between 550 and 600°C.

For thermal gravimetry analysis, a TG curve in figure 4.4, can be divided into three
stages. The first stage is from room temperature to around 285°C. The rate of weight
loss is the greatest, up to approximately 53%, which is caused by dehydration and
evaporation of alcohol contained in the composite precursor. The second stage is from
285 to 513°C. The rate of weight loss is approximately 34%, which is assigned to the
combustion and carbonization of organic materials. However, some carbon element still
exists in the films, which can be seen from the results of XPS studies above. The third
stage is from 513 to 1000°C. The rate of weight loss is approximately 7%, which is

attributed to oxidation of residue carbon and evaporation of chemisorbed water.

4-3.4. FESEM images of the Ag/TiO, composite thin films heat treated at different

temperatures.

The effects of heat treatment are expected to be reflected in the surface morphology of
the films. To study the dependence of the surface morphology of the Ag/TiO;
composite thin films upon heat treated at different temperature, the FE-SEM images
were taken for the Ag/TiO, composite thin films heat treated at different temperatures
and such FE-SEM images are shown in figure 4.5. White dots represent Ag grains
confirmed by EDX mapping (results not shown for sake of brevity). The dense structures

of silver nanoparticles seem to be increasing with the increase in heat treatment
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temperature. The SEM image of films annealed at 300°C and 400°C has a lower contrast
compared to that of films annealed at higher temperature, indicating the possible
presence of organic block coverage on the films. Their surface is relatively smooth, and
very few pores are observed. Thin films heat treated at higher temperatures had a highly
porous network structure, with continuous porosity. This tells us that heat treatment
temperature changed the morphology characteristics and structure of the thin films,

allowing the thin films to develop higher porosity.

X30,000 WD 8.2mm

Fig. 4.5 FE-SEM images of the Ag-NP/TiO, composite thin films (a—f) fabricated at

differet heat treatment temperature of 300, 400, 500, 600, 700, and 800°C respectively.

Moreover, the Ag nanoparticles are being increasing on the surface of the thin film with
increase of heat treatment temperature. The lack of agglomerated Ag NPs on the surface
of the thin film for lower temperature thin films could be that the Ag particles are too
small, hence are trapped inside the organic structure of the incomplete combustion of

Scomposite [29]. At the highest heat treatment temperature (800°C), the surface became
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cracked and irregular (Figure 4.4f), which was in agreement with the results reported by

Ishizawa et al., [41].

4-3.5. Optical properties of Ag/TiO, composite thin films heat treated at different

temperatures.

It is where known that the changes in the profiles of absorption spectra at different heat
treatment temperatures can be attributed to the changes in the surface morphology of the
thin films [42]. This can be characterized by study absorbance using UV-visible
spectroscopy. Figure 4.6 (a) and (b) represent the UV-Vis absorption spectra for Ag/TiO,

composites thin films heat treated at different temperatures.
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Fig. 4.6 Absorption spectra of Ag-NP/TiO, composite thin films: (a) low heat treatment

temperature (b) high heat treatment temperature at 70, 250, 300, 400, 500, 600, 700, and

800°C respectively.

The absorbance spectra of the synthesized Ag-NP/TiO, composite thin films are
decreasing, and then increase with heat treatment temperature, indicating that the heat

treatment temperatures are capable of sensitizing Ag/TiO; thin film. Therefore, the
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Ag-NP/TiO, composite thin films can be activated by visible light to generate electrons
and holes, which is favorable to the improvement of the visible light photocatalytic
activity of TiO,. For Ag/TiO, composite thin film heat treated at 70°C, an absorption
band is obtained at around 410 nm and it corresponds to the surface plasmon resonance
absorption band of silver nanoparticles indicating that the nanoparticles are existed in the
composite. UV-visible spectroscopy is a valuable tool for structural characterization of
silver nanoparticles. It is well recognized that the absorbance of silver nanoparticles
depends mainly upon size and shape [43]. Zhou et al., [44] reported that metal
nanoparticles exhibit the absorption bands at 410nm because of surface plasmon
resonance (SPR). In the case of Ag/TiO, composite thin film heat treated at 250°C to
500°C curves, it can be observed that SPR shift to longer wavelength with peak position
around 540 nm and it is decreasing with increase of heat treatment temperature, probably
due to the fact that the lack of agglomeration of Ag particles as illustrated in the FE-SEM

images.

However, an absorption band at 395 nm starts appearing in absorption spectra of the
prepared Ag-NP/TiO, composite films heat treated at temperature greater than or equal to
500°C, which show clearly that the presence of increased amounts of silver on the surface
of the thin films due to agglomeration facilitates SPR, which shifting to shorter
wavelength with heat treatment temperature. The absorption spectra of these thin films
are then increasing in intensity with the increase in temperature upto 600°C and then
decrease again for the 800°C sample. The enhancement in intensity of the absorption
spectra is related to the increase in the number of Ag nanoparticles/crystallites in/on the
film. The optical signature of this sample can be better understood in terms of the
distribution of sizes and shapes observed in my SEM images above.
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Composite thin film heat treated at 600°C exhibit the highest absorption spectrum and
well define SPR/LSPR signatures compare to other higher temperature heat treated
composite thin films as shown in figure 4.6b. The role of heat treating is therefore found
to be responsible for the gradual enhancement in the surface states which changes the
optical properties. Thus, the optical properties of the films depend strongly on the heat
treatment temperature conditions. One must note that, there was no shift in band edge of
the absorption spectra of Ag/TiO, composite thin films. Hence, no big change in band

gap of the TiO,.

4-3.6 Electrical conductivity of Ag/TiO, composite thin films heat treated at

different temperatures.

A systematic study of size effect on the electrical properties of semiconducting
nanocrystallites is essential for understanding their technological applications [45].
Electrical conductivity is the ability of a material to conduct an electric current. When
there is an electrical potential difference placed across a conductor, its movable charges
flow, giving rise to an electric current [46]. Figure 4.7 shows the impedance spectrum
for various temperature regions of prepared Ag/TiO, composite thin film samples

obtained used a 4-point probe measuring system.

At low temperature region, that is 70-400°C, the resistance varies from 9.6x10% to
1.7x10° Q cm. In this temperature region, Ag particles are too small as observed in
SEM images in figure 4.5, hence are trapped inside the organic structure of the
incomplete combustion of Scomposite. Hence, in this region, a low conductivity is
observed in the sample. As the temperature is further increased, from 400 to 600°C, the

resistance values of thin films are found to be decreased from 1.7x10%to 1.1x10™* Q cm.
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This observation indicates that the Ag NP growth enhancing the grain—grain interaction

as temperature increases.
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Fig.4.7 Resistivity of Ag/TiO, composite thin film heat treated at different temperatures

At the higher temperature region, 800°C, the resistance values have decreased
considerably, from 1.1x10” Q cm to undetectable conductivity. Figure 4.5f of SEM
image shows that there exists cracks on the thin films attributing to the effect of grain
boundary. In general, the decrease in resistivity with heat treatment temperatures can be
explained as follow: the Ag grains size increases with increase heat treatment
temperature (See SEM images above) which lead to a decrease in Ag grain boundaries
and hence resistivity. Larger silver grans size will provide higher surface contact
between each other, improving electron migration. But, in thin film heat treated at
800°C case, it can be seen that the thin film is full of crack which affect the formation of

the connecting network.
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4-3.7. Photoelectrochemical property of Ag/TiO, composite thin films heat treated

at different temperatures.

The enhanced near-field amplitude of localized surface plasmon resonance in the
proximity of metal nanoparticles can boost the photoactivity of the neighboring
semiconductor, which has been proven and has attracted wide interest recently [47].
One best way to prove this is simple by study the photoelectrochemical properties of the
doped semiconductor. In this chapter, the photocurrent measurement was conducted
using the measurement set up described in chapter 3. Anodic photocurrent could be
observed in the composite thin films under dark, visible and UV-light irradiation as

shown in figure 4.8.
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Fig. 4.8 Photocurrent densities of Ag-NP/TiO, composite thin films: (a) low heat
treatment temperature (b) high heat treatment temperature at 70, 250, 300, 400, 500, 600,

700, and 800°C respectively.

Dark currents were observed in all composite thin films heat treated at different
temperature. This indicates that there is a redox potential between the counter Ag
electrode and working electrode (composite thin films), hence chemical redox reactions

occurred to the system. The anodic photocurrent for this TiO, thin film under
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UV-irradiation is due to the wide band gap of anatase/rutile that allowed it to absorb
only UV light and to produce electron/hole pairs. Under vis-light irradiation, the
cathodic photocurrent density of these films increased with an increase in the Ag
content. The large cathodic photocurrent density observed could be mainly due to LSPR

[48].

4-3.8 Mechanical strength of the thin films

The mechanically strength of quartz glass, and Ag-NP/TiO, thin films whose heat
treated at higher temperature (500, 600, and 700°C) were examined in order to check
their potential use in practical systems. The mechanical strength of pure TiO, fabricated
at 600°C was also investigated for comparison purpose. Figures 4.9 shows

load-displacement curves obtained from indentation tests on the composite thin films.

Young's modulus has been calculated from an equation (4.1), which is dominated by

the accuracy of the bar’s width (w) and length (1), but especially by its thickness (t):

_ A Mt
E—O.9465x[ : ]x[tg] ...................................................... 4.1)

where f; represents the resonance frequency and m the mass of the sample. L, b, and t

are the dimensional units (length, width, and thickness).

The scratch hardness (HS) can be obtained using equation (4.2) [49]:

fs2 w3
HS = Hp x [E] x [W—j ...................................................... (4.2)
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HR is the hardness of the reference material, WR and WS are the scratch widths on the
reference and specimen, respectively. The FS and FR are the scratching loads for the

specimen and the reference, respectively.
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Fig. 4.9 Indent test curves of of Ag-NP/TiO, composite thin films: high heat treatment

temperature at 500, 600, and 700°C respectively.

Table 4.2 tabulated the Young's modulus and knoop hardness results obtained during
the measurement of mechanical strength of the samples. The results illustrated that there
is a distinct decrease of Young's modulus values with an increasing of heat treatment
temperature. Values of Young's modulus obtained by indentation methods are load
dependent and highly sensitive to local defects (porosity, matrix grain pull-out, micro
cracks, etc.) or structural in homogenities [50]. Therefore, the decrease of the Young's
modulus values with an increasing of heat treatment temperature can be probably
explained mostly by change in microstructure of the thin film. Never the rest,
indentation of all the thin films heat treated at different temperature showed good
mechanical results since their mechanical strength are between pure TiO, thin film and
those of naked quartz glass substrate. Such good mechanical properties are necessary

for their wide— spread application in different areas of industry.
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Table 4.2 Young's modulus and knoop hardness results obtained during the
measurement of mechanical strength of the Ag-NP/TiO, composite thin films fabricated

on a quartz glass.

Notation Young's Modulus  Knoop Hardness

°C Pa Gpa
Quartz glass 1.10x10M 8.41
TiO, 7.47x10% 2.44

500 10
6.70x10 2.70

10
000 8.49x10 2.99

700 10
9.87x10 5.36

4-5 SUMMARY

In this chapter, the structural, optical, electrical resistance and electrochemical
properties of Ag/TiO, composite thin films were studied. The Ag/TiO, composite thin
films were synthesized by MPM and the effects of different heat treatment temperatures
on transition of the anatase phase to rutile phase in air have been investigated. An
understanding of the transformation of anatase to rutile is of great importance to those
studying TiO, for photocatalysis or other applications. The phase composition of the

material has significant consequences on its properties and performance and therefore it
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may be desirable to enhance or inhibit the transformation to give a particular phase or
phase mixture subsequent to thermal treatment. In this chapter, rutile is
thermodynamically formed after calcination over 600°C with dense structure which
according to literature makes rutile to have low photocatalytic efficiency. On the other
hand, anatase is recognized as the most suitable phase for photocatalysis; however,
anatase is not stable enough to exist alone. Therefore, the Ag/TiO, composite thin films

that have a mixed-phase of anatase-rutile are interesting for further investigation.

Unlike, other Ag/TiO, composite thin films investigated in this chapter, the XRD
patterns of the Ag/TiO, composite thin fabricated at 600°C shows sharp peaks for both
Ag, Anatase and rutile, reflecting high crystalline phases with anatase to rutile ratio, f,
to be 0.63. Its Ag 3d peaks are located at 368.0 eV (3ds/;) and 374.0 eV (3ds/2), exactly
where the bonding energy of metallic Ag that are reported in literature. SEM shows well
define Ag NP scattering in/onto surface of titania, a necessity for localize plasmon
resonance (SPR). Its plasmonic property was further supported by its UV-Vis spectrum
which shows the highest absorption band intensity with a wide wavelength range in the

visible light compare to other Ag/TiO, composite thin films investigated in this chapter.

From all these observations, | can conclude that heat treatment temperature at 600°C is
an optimal temperature for obtaining a mixed-phase with anatase-rutile with appropriate
composition that deserves a further investigation. Moreover the study of electrical
resistance of the thin films shows the crack-free composite thin fabricated at 600°C
exhibit lowest electrical resistance, of 1.1x10™ Q cm. Furthermore the electrochemical
property of the composite thin film heat treated at 600°C shows the highest cathodic

photocurrent under visible light irradiation. The mechanically strength showed an
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excellent degree of adhesion of the coated film on the quartz glass substrate. Therefore,
Ag/TiO, composite thin films fabricated at 600°C proved that, it is the best thin films
that deserve further investigation. The following chapters will therefore concentrate of

further investigations on the Ag/TiO, composite thin films fabricated at 600°C only.
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CHAPTER 5: PERCOLATION THRESHOLD FOR ELECTRICAL
RESISTIVITY OF SILVER NANOPARTICLE/TITANIA (Ag NP/TiOy)
COMPOSITE THIN FILMS FABRICATED USING MOLECULAR

PRECURSOR METHOD
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5-1 INTRODUCTION

Enhancement of the conductivity of semiconductor materials is desirable from a
technological perspective. In order to accomplish this goal, the incorporation of metal
nanoparticles into semiconductor materials has been extensively studied [1-3]. The
semiconductor titania (TiO;) has been the focus of various research efforts, and it is
well established that the relatively high resistivity of titania films (10" Q-cm at 25°C)
can be reduced by incorporating metal nanoparticles into the titania matrix based on the
fact that the electrically conductive particles can be randomly distributed within the
semiconductor matrix to form a composite [1, 4]. The composite sample is
non-conducting, until the volume fraction of the conducting phase reaches the so-called
percolation threshold [5]. However, it is noteworthy that the classical percolation theory
applied to conductive-insulator systems must meet some definite conditions: the
particles must be spherical, mono-disperse, and have an isotropic conductivity. If one or
all of these conditions are not fulfilled, the theoretical value will deviate substantially
from the realistic one [6]. In some cases, however, it is unclear which condition is not
met. Moreover, it has been known that the conductivity of a metal nanoparticle/insulator
composite close to the percolation threshold is very sensitive to any change in the metal

nanoparticle distances.

In recent years, significant progress has been made in the manufacture and application
of conductive polymer composites by blending conductive components such as gold
nanoparticles, carbon nanotubes, copper fillers, and carbon powders with polymer
matrices in semiconductor matrices [7—10]. Macwan and co-workers, [11] wrote a

review where they described the synthesis and applications of nano-TiO, using the
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sol-gel method and reported that metals such as Nb, Cr, Sn, Pt, Zn, and Y were found to
increase the conductivity of titania. The inclusion of nanoparticles into various materials
and methods may offer unique advantages in terms of electrical characteristics [12].
Therefore, any literature review on the metal incorporation/doping into an insulating
matrix must inevitably deal with the fact that the use of numerous different preparation

methods for obtaining these materials may have given rise to their different properties.

Various metallic phases have been used in metal-semiconductor composites, including
Pt, Pd, Al, Cu, Ni, and Ag. Nonetheless, the use of Pt and Pd is limited by the associated
expense, whereas Al, Cu, and Ni are undesirably oxidized during sintering at higher
temperatures [13]; silver is possibly the most commonly used metallic substrate due to
its excellent conductivity and chemical durability [4]. Fabrication of metal/TiO;
composite thin films is performed using various techniques, each of which offers a
unique set of advantages and disadvantages; currently, it remains unclear which of these
will eventually prove to be the most effective. The most widely applied technique for
the preparation of metal/TiO, composite materials is the sol-gel process [1, 14-17],
which has been applied to the fabrication of the Ag-nanoparticle/titania (Ag-NP/TiO,)
system by Li and co-workers [1]. They prepared a solution for fabricating the
Ag-NP/TiO, composite thin films by mixing a sol—gel solution of titania for thin film
fabrication with a silver nitrate solution having a concentration of up to 18 mol%; a 6
mol% ethanol solution of silver nitrate was also employed. The electrical resistivity of
the resultant composite thin film with the highest concentration (18 mol%) of Ag
nanoparticles was of the order of 10° Q-cm, even though titania is a typical dielectric.
Because the sol-gel method used in these studies involves the process of metalloxane
polymer formation in the medium and because the poor miscibility of each component
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Is inevitable, Li et al., [1] reported that it was difficult to obtain a homogeneous solution
for silver concentrations above 18 mol%. Therefore, it is envisioned that lower electrical
resistivity in the composite thin film may be attained in the event that a solution with an
even higher volumetric fraction of Ag nanoparticles can be homogeneously dispersed in
the dielectric titania matrix because the electrical conductivity is largely dependent on
the volumetric fraction, size, and connectivity of the Ag nanoparticles and the
homogeneity of dispersed silver in the dielectric titania matrix [1, 5, 13, 18, 19]. It has
been experimentally and theoretically verified that in the conductor/semiconductor
composite with a conductor ratio at or above a given volume fraction (Qconductor), @
network of conducting particles is established, and thus, the resistivity of the composite

suddenly decreases [1-3, 19].

The volumetric fraction, ¢, is generally defined according to equation (5.1), where V;
and V represent the volumes of a constituent, i, and of all constituents of the mixture

prior to mixing, respectively [20]:
Qi = Vi/V (5.1)

Based on this general formula, the volumetric fraction of silver particles in a composite,
namely, @ag, Which is strongly related to the percolation threshold, can be defined by
equation (5.2), where dag and dijtania represent the density of silver and titania (3.8 <
iitania < 4.2), respectively; Fwag and FWiitania represent the formula weight of silver and
titania, respectively; and Nag and Niitania represent the amount of substance of silver and

titania, respectively, under the assumption of cubic silver and tetragonal titania.

FWAg . NAg FWAg . NAg FWrizna © Nrienia
P =( ) + )
dAg dAg dTilania (5'2)
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Based on equation (2), the silver concentration of 18 mol% used in the abovementioned
Ag-NP/TiO, composite prepared by Li et al., [1] corresponds to a significantly small
@ag Value of 0.1. Unprecedentedly high conductivity would thus be expected in the case

of an Ag-NP/TiO; composite thin film having a larger @aq value, exceeding 0.1.

Recently, the molecular precursor method has been demonstrated to offer excellent
miscibility of the solutions, which has also been observed in several precursor solutions
during the fabrication of ceramic films by the method developed by our laboratory
[21-25]. Unlike, other Ag/TiO, composite thin films investigated in chapter 4, where |
concluded that heat treatment temperature at 600°C is an optimal temperature for
obtaining a mixed-phase with anatase-rutile with appropriate composition that deserves
a further investigation. On the basis of these considerations, Ag-NP/TiO, composite thin
films were fabricated at 600°C by employing various Ag volumetric fraction values. In
this chapter |1 am reporting, for the first time, the percolation threshold found for the
electrical resistivity of Ag-NP/TiO, composite thin films. Crystal structural, surface
morphology and nanostructural evaluations of the fabricated thin films were performed
using X-ray diffraction (XRD), field-emission scanning electron microscope (SEM) and
transmission electron microscopy (TEM), respectively. The film thickness and electrical
resistivity of the thin films were examined using a profilometer and by the four-probe
method, respectively. The relationships between the mechanical properties of the
composite thin films with different Ag concentrations were also investigated. The
mechanically strength showed an excellent degree of adhesion of the coated film on the

quartz glass substrate— pose no problem for clinical applications.
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5-2. EXPERIMENTAL

5-2.1 Materials

All the materials employed in this chapter are tabulated in Chapter 3, Table 3.1.
5-2.2 Synthesis of precursor solution (Sag) for fabrication of Ag nanoparticles

Silver acetate (0.24 g, 1.4 mmol) and dibutylamine (0.56 g, 4.3 mmol) were added to 1
g of ethanol. The solution was sonicated with stirring for 5 min. The concentration of

silver was 0.8 mmol g ™.
5-2.3 Preparation of precursor solution (Siania) for fabrication of titania thin films

The precursor solution containing the Ti** complex of EDTA was obtained by a method
that reported by our laboratory and is illustrated in Chapter 3, scheme 3.1 [21].
Dibutylamine (3.58 g, 27.7 mmol) and EDTA (3.56 g, 12.2 mmol) were added to a
mixture of 10 g of ethanol and methanol. The solution was refluxed for 2 h with stirring
and then cooled to room temperature. After adding 3.47 g (12.2 mmol) of Ti(O'Pr)s, the
solution was refluxed for 4.5 h. The reaction mixture was cooled to room temperature,
and 1.56 g (13.8 mmol) of 30% H,O, was carefully added. The solution was then

refluxed for 0.5 h. The concentration of titanium was 0.4 mmol g .
5-2.4 Preparation of the composite precursor solution (Scomposite)

The precursor solution for fabricating Ag-NP/TiO, composite thin films (Scomposite) Was
prepared by mixing the solutions Sag and Siitania OF Various concentrations to adjust the

silver concentration in the range 10-80 mol%.
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5-2.5 Film fabrication by coating and heat treatment

Precursor films were deposited on the quartz glass substrate at ambient temperature
using the spin-coating method, in a double-step mode: the first step was carried out at

500 rpm for 5 s and the second, at 2000 rpm for 30 s, for all preparations.

Two thin films of Ag nanoparticles and titania were formed by heat treating the
spin-coated precursor films and applying the solutions Sag and Stitania, respectively as
illustrated in Chapter 3, Fig. 3.1 The Ag-nanoparticle/titania composite (COMP-Agn)
films were fabricated by heat treating the spin-coated precursor films, while applying
the solution Scomposites at 600°C for 30 min in air. The number n in the notation of the
composite films indicates the silver molar percentage (Ag mol%) to TiOy; for example,
the name COMP-Ag40 indicates that the silver molar percentage in the Scomposite

solution was 40 mol%.

For TEM observations, Scomposite at Sag concentrations of 40, 45 and 70 mol% were
spin-coated and heat treated on NaCl single crystals at 600°C for 30 min. After
dissolving the NaCl crystals in water, the ultra—thin films were then carefully

transferred onto Cu grid plates.

5-2.6 Observation of surface morphology, nanostructure and mechanical strength

The surface morphology of the resultant films was observed using a field-emission
scanning electron microscope (S-4200, Hitachi) at an accelerating voltage of 5.0 kV.
The elemental mapping of COMP-Ag70 films was observed with an EDX equipment
(S-4200, Hitachi). The nanostructure images were observed with a transmission electron

microscope (TEM H8100, Hitachi) at an accelerating voltage of 120 kV. The
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mechanical strength of the thin films on the quartz glass substrates were investigated by
scratch tester (HEIDON-22, Shinto Scientific) by applying a load of 30N and a scratch

speed of 0.40mm/s.

5-2.7 Crystal structure and particle size

The X-ray diffraction (XRD) patterns of Ag particles, titania, and COMP-Agn films
were measured using an X-ray diffractometer (MXP-18 AHF22, Bruker AXS) with Cu—
Ka rays generated at 45 kV and 300 mA. Parallel beam optics were employed with an
incident angle of 0.3°. The anatase to rutile ratio, f, for titania and the COMP-Agn films
was calculated with the empirical equation (5.3), using the peak ratio I/1,: rutile (1 1 0)
and I/lp: anatase (1 0 1), according to the literature [Spurr and Myers, 1957]. The f
values were then used to determine the volumetric fraction of silver particles in

Ag-NP/TiO; composite thin films, namely, @aq, Using equation (5.4):

fo 1
1+126( (l/lo)rutile
(l/lo)anatase (53)
FWAg . NAg FWAg . NAg FWrimia © Niviania
= / +
¢Ag ( dAg ) ( dAg (danatase. f + drunle . (1_ f ))) (54)

where danatase and dryiile represent the density of anatase (3.8 gcm‘3) and rutile (4.2 gcm™

%), respectively, under the assumption of tetragonal titania.
5-2.8 Measurement of thickness and electrical properties of films

The film thicknesses of titania and COMP-Agn films were measured using a stylus
profilometer (DEKTAKS, Sloan). The electrical resistance at 25°C was measured using
the four probe method involving two multimeters (VOAC7512, Iwatsu and Model 2010
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Multimeter, Keithley) and a regulated DC power supply (Model PAB 32-1.2, Kikusui
Electronics Corp.). Four gold-plated tungsten probes (FELL type, K&S) were placed at
intervals of 1 mm, and an added load of 0.2 kg was applied. The electrical resistivity, p,

of the films was calculated using equation (5.5):
p =cRt (5.5)

where ¢, R, and t represent the correction value (4.45), electrical resistance, and film

thickness, respectively.
5-3 RESULTS AND DISCUSSION

The precursor solution, Sag, for fabricating silver films could be obtained by dissolving
an appropriate amount of silver acetate in ethanol in the presence of dibutylamine.
Furthermore, the titania precursor solution, Siitania, iNvolving the Ti-EDTA complex
was also successfully prepared. Fifteen precursor solutions, Scomposite, With various

molar percentages of Ag, could be facilely obtained by mixing the two solutions.
5-3.1 Structural and electrical properties of silver and titania films

Figure 5.1 shows the surface morphology of the silver and titania films. The surface of
the silver film comprises a number of discretely deposited particles, whereas the surface
of the titania thin film is continuous, i.e., completely uninterrupted. The titania film was
130 nm thick; however, the thickness of the silver film could not be determined because
the particles were discontinuously deposited, as revealed by the FE-SEM observation

(Fig. 5.1). The electrical resistance of both the silver and titania film exceeded 10° Q
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and the values were too high to be determined using the conventional apparatus

employed in the present study.

100nm

Fig. 5.1 Surface morphology of (a) silver and (b) titania thin films

5-3.2 Structural properties of Ag-NP/TiO, composite thin films

Figure 5.2 (a) shows XRD patterns of Ag-NP/TiO, composite thin films, with various
volumetric fractions of silver particles, deposited on quartz glass substrates and heat
treated at 600°C for 30 min. Except for the extremely small amount of silver oxide that
appeared in COMP-Ag80 (pag = 0.68), the XRD analysis indicates that no phases other
than titania and metallic silver were present in the composite thin films. This indicates
that no reaction took place between titania and silver during heat treatment. The silver
oxide appeared exceptionally in the XRD patterns of the Ag-NP/TiO, composite thin
films at the highest Ag content 80 mol% may have formed during the cooling stage. It is
well known that the crystalline phase adopted by titania is mainly dependent on the heat
treatment temperature [24, 26] and method [27], hence, under the current conditions,
anatase and rutile mixed phases are obtained at 600°C. The peaks at 38.2°, 44.4°, 64.6°,
and 77.5° are assignable to the (111), (200), (220), and (311) reflection lines of fcc Ag

particles, respectively [JCPDS card 4-783, 1978]. The intensity of the (111) and (200)
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diffraction peaks of the Ag phases increased with increasing content of Ag in the titania

matrix whereas a decrease in the intensity of the (101) and (111) diffraction peaks of

titania was observed with increasing Ag content.
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Fig. 5.2 (a) XRD patterns of the Ag-NP/TiO, composite thin films with various @ag.
The peaks are denoted as follows: filled inverted triangle silver, filled circle anatase,
filled square rutile, and filled diamond silver oxide. (b) Electrical resistivity and
anatase/rutile content (f) as a function of Ag volumetric fraction @agq in the Ag/TiO;
composite thin films. The lines indicate as follows: open circle Resistivity, filled

triangle f-value.

On the basis of the XRD results in Figure 5.2(a), and equations (5.3) and (5.4), the
anatase/rutile ratio (f) and volumetric fraction of Ag (pag) in the composite thin films,
COMP-Agn, were calculated and the f values are plotted as a function of @aq in figure
5.2(b). The decreasing trend of the f value clearly shows that the rutile content increases
at the expense of anatase as @ag increases. The identification of the various Ag-NP/TiO;
composite thin films used in this report is based on the calculated volumetric fraction of

silver, @ag, listed in Table 5.1.
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Table 5.1 The anatase/rutile ratio, f, film thickness, and electrical resistance of the

Ag-NP/Ti0O, composite thin films fabricated on a quartz glass using the mixed precursor

SO|Uti0n Scomposite.

Volumetric f Film Electrical

Notation fraction of Ag thickness Resistance®
Pag nm Q

TiO, 0.00 0.71 130 >10°
COMP-Ag40 0.26 0.62 100 >10°
COMP-Ag42 0.27 0.65 100 5.0 (2) x 10
COMP-Ag45 0.30 0.65 100 25(2)
COMP-Ag46 0.31 0.64 100 12 (1)
COMP-Ag50 0.34 0.63 100 5.0 (0.1)
COMP-Ag55 0.39 0.58 100 3.0(0.3)
COMP-Ag60 0.44 0.63 100 4.0 (0.3)
COMP-Ag65 0.49 0.53 110 8.0 (0.7)
COMP-Ag70 0.55 0.47 110 2.0(0.4)
COMP-Ag75 0.61 0.51 110 7.0 (3)
COMP-Ag78 0.65 0.53 170 26 (15)
COMP-Ag80 0.68 0.48 260 19 (12)

1) Estimated standard deviations are presented in parentheses.

5-3.3 Determination of percolation threshold for the electrical resistivity of the

Ag-NP/TiO, composite thin films
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Table 5.1 above also lists the film thickness and electrical resistance of composite thin
films with @ag ranging from 0.26 to 0.68. The percolation threshold value for the
influence of Ag addition on electrical resistivity of Ag-NP/TiO, composite thin films on
quartz glass can be extracted from Figure 6.2(b) by a differentiation method. The

percolation threshold was found at gag = 0.30.

The percolation theory is useful for understanding the properties of composite materials
based on the distribution and continuity of the components in composite materials. A
drastic change in the properties of the composite occurs in the vicinity of the percolation
threshold [28]. In the present study, it was elucidated that the high electrical resistivity
of the thin films changes to a low resistivity value of 10> Q-cm at ¢ag = 0.30. The
change in anatase/rutile content within the thin films does not have an effect on the

electrical resistivity of the thin films at 600°C, as shown in Figure 5.2(b).

5-3.4 Morphological changes and resistivity recovery of high Ag loaded

composite films

FE-SEM images of Ag-NP/TiO, composite thin films with @ag Values of 0.26, 0.30,
0.34, 0.44, 0.55, and 0.68 are shown in Figs. 5.3(a)—(f), respectively. The white particles
that appear in the FE-SEM images represent the Ag particles on the film surfaces,
because an EDX in figure 5.4(f) analysis elucidated that these particles correspond to
the Ag element. Thus, the presence and distribution of Ag particles on the surface of the

Ag-NP/TiO, composite films can be observed in the FE-SEM images.

At the lower Ag load (pag = 0.26) shown in Fig. 5.3(a), there are few Ag particles, and

these are dispersed far from each other on the film surface. However, for silver loads
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where 0.30 < @ag < 0.55, many Ag particles are uniformly distributed across the films,
although this caused partial agglomeration with an increase in the silver load. Moreover,
for the SEM image with the highest silver load (pag = 0.68), it appears that the Ag
particles became aggregated and formed a large cluster, as shown in Fig. 5.3(f).
Therefore, the morphology of composite thin films with large amounts of loaded silver
was found to have a tendency that was identical to that of a silver film without a titania
matrix, as has been shown in Fig. 5.1. Additionally, the morphological change caused
by the agglomeration of Ag nanoparticles may increase the film thickness from 110 nm
for gag < 0.55 to 260 nm for @ag = 0.68, resulting in an increase in the electrical
resistivity because of the inevitable increase in contact resistance between the grown
particles. Thus, the resistivity recovery of composite films (Fig. 5.4) with @aq values

larger than 0.60 can be attributed to this morphological change.

Fig. 5.3 FE-SEM images of the Ag-NP/TiO, composite thin films (a-f) at Ag

volumetric fractions, @ag, 0f 0.26, 0.30, 0.34, 0.44, 0.55, and 0.68, respectively.
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(b) (c)

(d) (e) ()
Fig. 5.4 Elemental mapping of Ag-NP/TiO, composite thin films at Ag volumetric
fractions, @ag value 0.34, observed by using energy-dispersive X-ray spectroscopy at an
accelerating voltage of 20 kV. (a), (b), (c), (d), (e), and (f) were indicated surface

appearance, C Ka, Si Ko, Ti Ko, Ti Lal, and Ag Lal map, respectively.

It is proposed that the electrical resistivity change is strongly dependent on the shape
and size of the particles, and the quality of the particle boundary, which determines the
percolation effects [6, 29]. From these points of view, the influences of Ag
nanoparticles on the electrical resistivity of the present composite thin films are
discussed in the following sections based on TEM observations, which provide
quantitative information about the Ag nanoparticles in the composite thin films. TEM
images of Ag-NP/TiO, composite thin films with gaq values of 0.26, 0.30, and 0.55 are

shown in Figure 5.5, along with histograms of the particle size distributions. The
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presence and distribution of the Ag nanoparticles (dark particles) within the composite

films can also be observed clearly.
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Fig. 5.5 TEM images a, ¢, and e and size distribution of silver nanoparticles b, d, and f
of the Ag-NP/TiO, composite thin films at Ag volumetric fractions, @aq, 0f 0.26, 0.30,

and 0.55, respectively
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5-3.5 Influence of silver nanoparticles’ shape and distribution on electrical

resistivity of composite thin films

The shape of the conductive material in an insulator plays a significant role with
respect to reducing the critical limit for making a conductive composite [6, 9]. In the
case of the present Ag-NP/TiO; thin films, the TEM observations demonstrated that all
of the films exhibited spherical Ag nanoparticles in the titania matrix, with the
exception of the composite thin film with an Ag volumetric fraction of 0.55 (Fig.5.5(e)),
which showed a mixture of small spherical, rod-like, and agglomerated Ag
nanoparticles. The small spherical Ag nanoparticles associated with rod-like and
agglomerated Ag nanoparticles observed for pag = 0.55 may have been released into the
TiO, matrix from the agglomerated Ag particles by the energy provided from the
ultrasonic stirring during the preparation procedure [29]. These small spherical Ag-NPs
also lead to the formation of more conducting paths per unit volume. The smaller
particles coalesce to form small aggregates, but their greater number results in a smaller
gap between the aggregates, which aids the electron flow by electron hopping or
tunneling [6]. This may explain why a significantly lower electrical resistivity was

observed for the thin films with gpag = 0.55 compared to the other thin films.

5-3.6 Influence of silver nanoparticles™ size on electrical resistivity of composite

thin films

The TEM histograms (Figs. 5.5(b), (d), (f)) with the standard deviations illustrate that
the mean diameter of the Ag nanoparticles was in the range of 1.4—3.4 nm for @ag =
0.26, 1.4-6.3 nm for gag = 0.30, and 8.6—17.2 nm for gag = 0.55. In the TEM

histograms, it is noteworthy that raising the Ag concentration not only increases the
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average Ag nanoparticle size, but also, more importantly, facilitates the construction of
interconnected nanoparticles to establish effective conducting paths. Therefore, it is
expected that the thin film with the highest paq value should have the lowest resistivity.
Hence, the concept of using nano-sized silver particles instead of micro-sized particles
is important for electrical conductivity given that the use of nanoparticles should offer
the conceivable advantage of preventing the settling problem encountered in some
micro-sized Ag particle systems [30], which may prevent the homogeneous distribution
of Ag particles within the titania matrix resulting in the agglomeration of the Ag

nanoparticles.

Moreover, apart from the particle size range for ¢ag = 0.55 in the TEM histogram
presented in Fig. 5.5(f), there are also many smaller spherical Ag-NPs with a particle
size of about 1.4 nm associated with the rod-like Ag-nanoparticles. The frequency of
these small particles is not included in the histogram because they are heavily
distributed all over the thin film with a gag value of 0.55. The presence of these small
Ag-nanoparticles associated with the rod-like Ag-particles in the titania matrix may
form part of the explanation of why the composite film at gpag = 0.55 registered the

lowest electrical resistivity.

5-3.7 Influence of distance between silver nanoparticles on percolation threshold

and electrical resistivity of composite thin films

From the TEM image, the spacing range between neighboring particles was determined
to be 4-30 nm for the film with pag = 0.26. In the Ag-NP/TiO; thin film with @ag = 0.30,
the Ag nanoparticles were less densely packed than those in the composite film with @ag

= 0.55, with an average distance of 8 nm from each other. Although contact between
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metallic particles appears to be necessary to achieve electrical conductivity, it has been
observed that a certain level of conductivity could be obtained in systems where the
particles were not necessarily in contact [31]. This may account for the occurrence of
the percolation threshold of the electrical resistivity at pag = 0.30, where the particles
are not yet in contact with each other, and also explains why a significantly higher
electrical resistance was observed at ¢ag = 0.26. Jeonga et al., [32] proposed a carrier
tunneling mechanism for this phenomenon. By this mechanism, the distance between
particles had to be less than 10 nm for tunneling to work. It is therefore acceptable that
the percolation threshold appeared at pag = 0.30 in the present study, on the basis of the
carrier tunneling mechanism, because an average distance of 8 nm between Ag

nanoparticles was attained at the stated Ag volumetric fraction.

In the case of the Ag-NP/TiO; thin film with ¢aq = 0.55, the TEM observations shown
in Fig. 5.5(e) demonstrated that some of the Ag nanoparticles make contact with each
other to form agglomerated Ag particles. Because the resistivity change is strongly
dependent on the nature of the particle boundary, which determines the percolation
effects, better conduction properties should be expected from films with larger particles
and shorter distances between the particles [33]. This may further explain why the

sample with pag = 0.55 exhibited a lower electrical resistivity.

5-3.8 Mechanical strength of the thin films

The mechanically strength of quartz glass, TiO, and Ag-NP/TiO, composite thin films
were performed to determine the degree of adherence of the coated films onto the quartz
glass substrate. The Young's modulus values measured by Knoop indentation as a

function of the indentation load are illustrated in figure 5.6. Table 2 presents the mean
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hardness and Young’s modulus values, obtained from three tests on each specimen. The
adhering strength of the thin films on quartz substrate are 2.44, 2.56, 2.99, 2.97 and 8.41
GPa corresponding to TiOz, @ag 0.26, 9ag 0.30, @ag 0.55 and naked quartz glass
respectively. Adhering strength of all thin films is 2 times less adhesive than uncoated
quartz glass. The stress of the thin films on quartz glass are almost identical where the
¢ag 0.30 thin film show the lowest stress of 48.93 MPa. This is probably that titanium
ions of TiO, links covalently to the O atoms belong to quartz molecules to form a robust

interface between glass and TiO; as reported by Nagai et al. [34].
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Fig. 5.6 Indent test curves of Ag-NP/TiO, composite thin films with various @ag.

The presence of silver makes the Ag-NP/TiO, composite thin films even stronger as
compare to naked TiO, thin film. Generally, incorporation of particles to a matrix may
increase or decrease the tensile strength of the composites. For example, Fiber type

fillers normally result in improved the tensile strength, as the fibers are able to support
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the stresses transferred from the matrix. However, other researchers reported the

decrease in tensile strength may be attributed to restriction of matrix chain movements

due to agglomeration of the filler particles to form a domain that acts like a foreign body

as well as weak interfacial region [35]. From SEM images, the poor Ag dispersion will

reduce the Ag/TiO, interaction and consequently reduce the physical properties. This

shows why the decrease in mechanical strength for the high silver concentration

composites was larger than thin films with lower silver concentration composites.

Table 5.1 Young's modulus, knoop hardness and Stress results obtained during the

measurement of mechanical strength of the Ag-NP/TiO, composite thin films fabricated

on a quartz glass.

Volumetric Young's Knoop Stress
Notation fraction of Ag Modulus Hardness

Pag Pa GPa MPa

Quartz glass - 1.10x10™ 8.41 -
TiO; 0.00 7.47x10% 2.44 51.56
COMP-Ag20 0.16 1.09x10" 3.90 50.46
COMP-Ag30 0.19 1.10x10" 3.82 51.87
COMP-Ag40 0.26 7.84x10" 2.56 52.19
COMP-Ag50 0.34 8.32x10% 2.99 48.92
COMP-Ag70 0.55 8.40x10% 2.97 51.35
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5-4 SUMMARY

Ag-nanoparticle/titania thin films, with various volumetric fractions of silver (¢ag) in a
titania matrix, were successfully fabricated using the molecular precursor method, and
their structural and electrical properties were clarified. This study shows that the
molecular precursor method, which offers excellent miscibility of the silver and titania
precursor solutions is effective for overcoming the limitations in miscibility of the
conventional sol-gel method and is necessary for fabricating composite thin films

having a large ¢aq value.

Increasing the Ag volumetric fraction from 0.27 to 0.55 decreases the electrical
resistivity from in excess of 1072 Q-cm to 10> Q-cm. It was elucidated from both
FE-SEM and TEM observations that the decrease in electrical resistivity was attributed
to a change in the shape and size of the Ag nanoparticles and the distance between the
nanoparticles. Based on the relationship between the volumetric fraction of Ag and the
electrical resistivity of the thin films, the percolation threshold of the Ag-NP/titania
composite thin film was found at a silver volumetric fraction of 0.30. A drastic
reduction in the electrical resistivity of the composite thin film was observed near the
percolation threshold upon addition of a small amount of Ag nanoparticles, in order to
build the conductive network, even though the total connection of the Ag nanoparticles
was still not accomplished. The electrical resistivity recovered, moving from 10~ to
1073 Q-cm, with further increase in the ¢aq values from 0.61 to 0.68, due to an
inevitable increase of the separation distance between the grown particles caused by the

agglomeration of Ag nanoparticles.
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The relationships between the mechanical properties of the composite thin films with
different Ag concentrations were also investigated. The mechanical strength test
revealed the stable attachment of the coated film to quartz glass substrate. It revealed
that the coated film on quartz glass produced by the molecular precursor method
showed excellent adhesion to the glass. It is assumed that the adhesive characteristic of

the Ag/TiO;, composite thin films pose no problem for clinical applications.
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CHAPTER 6: FURTHER INVESTIGATION OF PERCOLATION
THRESHOLD FOR ELECTRICAL RESISTIVITY OF  SILVER

NANOPARTICLE INCORPORATED IN ZIRCONIA MATRIX; AN

INSULATOR.
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6—-1 INTRODUCTION

When electrically conducting particles are randomly distributed within an insulating
matrix such as metal-ceramic matrix composites, the sample is non-conducting, until the
volume fraction of the conducting phase reaches the so-called percolation threshold [1].
In chapter 5, | found the percolation threshold for the electrical resistivity of metallic
Ag-nanoparticle/titania (Ag-NP/TiOz) composite thin films, with different volumetric
fractions of silver (0.26 < pag < 0.68) to titania, fabricated on a quartz glass substrate at
600°C using the molecular precursor method. The percolation threshold was identified
at a @ag value of 0.30. The lowest electrical resistivity of 107 Q-cm at 25°C was
recorded for the composite with the Ag volumetric fraction, @ag, Of 0.55. X-ray
diffraction (XRD), field-emission scanning electron microscope (FE-SEM), and
transmission electron microscopic (TEM) evaluation of the effect of the morphology
and the nanostructures of the Ag nanoparticles in the composite thin films on the
electrical resistivity of the film revealed that the films consist of rutile, anatase, and
metallic Ag nanoparticles homogeneously distributed in the titania matrix. It could be
deduced that the electrical resistivity of the thin films formed at 600°C was unaffected
by the anatase/rutile content within the thin film, whereas the shape, size, and separation
distance of the Ag nanoparticles strongly influenced the electrical resistivity of the
Ag-nanoparticle/titania composite thin films. In this chapter, the objective is to
investigate if the percolation threshold found for electrical resistivity of Ag NP
incorporated in titania matrix, a metal oxide semiconductor can be the identical to those

of Ag NP incorporated in zirconia matrix, a metal oxide insulator.
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Zirconia (Zirconium dioxide or ZrO,) is considered as a potential replacement of SiO,
due to its high dielectric constant (~25), wide band gap (4.6-7.8 eV), low leakage
current level, and superior thermal stability [2]. The equilibrium phase of undoped ZrO,
(baddeleyite) is monoclinic (o) under normal conditions and tetragonal (B) up to ~
1170°C, and the high-temperature cubic (y) phase is stable above 2370°C up to the
melting point at ~2710°C [3]. Figure 6.1 shows schematic representation of crystal
structures of zirconia, and a continuous heating phase transition of ZrS, in oxygen [4].
A spread in the transition temperatures of the Zr-O phase diagram is encountered due to
the variety of metastable states arising from sluggish Kinetics of phase transformations
even at 1000°C [4-6].

Stable phase
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Fig. 6.1 Schematic representation of crystal structures of zirconia, and a continuous
heating X-ray powder diffraction pattern of ZrS, in oxygen [4].
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On the other hand, silver (Ag) is a good conductor and it is facile and fairly low cost.
Like Ag NP in TiO, matrix, incorporating Ag nanoparticles with ZrO, matrix can be
expected that Ag nanoparticles to form stable conducting paths inside of ZrO, matrix.
Therefore, the resistance of ZrO, film can be lowered. In application, the particles need
to be well connected to form the conduction path, while the ZrO, help to adhere these
particles to the glass substrates. In order to control the electrical characteristics of such
systems, it is very important to have exact knowledge of the percolation threshold,
whereby conductor/semiconductor composite with a conductor ratio at or above a given
volume fraction (@conductor), €Stablished a network of conducting particles, and thus, the

resistivity of the composite suddenly decreases [7].

As we reported in previous chapter, the volumetric fraction, ¢;, is generally defined
according to equation (6.1), where V; and V represent the volumes of a constituent, i,

and of all constituents of the mixture prior to mixing, respectively [8]:
¢i = VilV (6.1)

Based on this general formula, the volumetric fraction of silver particles in a composite,
namely, @ag, Which is strongly related to the percolation threshold, can be defined by
equation (7.2), where dag and dairconia represent the density of cubic silver and zirconia
respectively. The density of cubic silver is 3.8 g/lcm® whereas the density of zirconia
depend on the crystal phase of the thin film at a given moment (6.27, 6.1 and 5.6 g/cm®
for cubic, tetragonal and monoclinic zirconia respectively) and Nag and Nirconia
represent the amount of substance of silver and zirconia, respectively, under the

assumption of cubic silver and crystal phase of zirconia of a given thin film.
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P = ( ) +

6.2
dAg dAg dZirmnia ) ( )

Since metal incorporation into an insulating matrix must inevitably deal with the fact
that the use of numerous different preparation methods for obtaining these materials
may have given rise to their different properties. The inclusion of nanoparticles into
various materials and methods may offer unique advantages in terms of electrical
characteristics [9]. In order to validate that, | tried to fabricate Ag NP/ZrO, composite
thin films with different volumetric fractions of silver using the identical method;
molecular precursor method (MPM), identical heat-treatment temperature; on the basis
of these considerations, Ag-NP/ZrO, composite thin films were fabricated at 600°C by
employing various Ag volumetric fraction values. The percolation volume ¢ for Ag
(pag) particles in zirconia was also calculated to test the reliability of the percolation
threshold found in chapter 6. Crystal structural evaluations of the fabricated thin films
were performed using X-ray diffraction (XRD). The film thickness and electrical
resistivity of the thin films were examined using a profilometer and by the four-probe
method, respectively. It is known that the exhibition of high absorption spectrum in the
visible region of the Ag containing thin film is an idication that the Ag particles are
metallic due to the plasmonic properties [10]. Therefore, the optical properties of the
new fabricated Ag NP/ZiO, composite thin films were also investigated using UV/Vis
spectrometer in order to prove that main constitute of silver species in the composite

thin films are mettallic.

6-2 EXPERIMENTAL

6-2.1 Materials
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All the materials employed in this chapter are tabulated in Chapter 3, Table 3.1.

6-2.2 Preparation of silver (SAg) and zirconia (Szirconia) Precursor solutions

(Stitania) Dy molecular precursor method (MPM).

The preparation of Ag precursor solution is reported in both chapter 4 and 5 and the
schematic outline is again illustrated in Scheme 6.1 (a). The precursor solution
containing the Zr** complex of NTA was obtained by a MPM and is also illustrated in

Scheme 6.1(b):

Silver precursor solution (S,) Zirconia precursor solution (S,iconia)

EtOH (10 g) EtOH 5 g + 2-propanol 5 g
<——NTA(1.91 g, 10 mmol)
<——BuNH, (73.14g, 20 mmol)

<— CH,COOA
3 g cooled to r. t. after refluxing for 2 h

(0.24 g, 1.4 mmol)
<—85% Zr(0-Bu), (4.514 g, 10 mmol)
cooled to r. t. after refluxing for 2 h
< Bu,NH (0.56 g, 4.3 mmol) «——30% H,0, (1.1.247 g, 11 mmol)
Stirred for 5 min cooled to r. t. after refluxing for 1 h
Sz, (0.5 mmol/g)

Diluted with EtOH

Spg (0.80 mmol/g) Sirconia (0.4 mmol/g)

Scheme 6.1 Preparation procedure of the (a) precursor solution, Saq containing silver
acetate and (b) precursor solution St; contains a Zr** complex of NTA precursor

solution.

Dibutylamine (73.14 g, 20 mmol) and NTA (1.91 g, 10 mmol) were added to a mixture
of 5 g of ethanol and 5 g of 2-propanol. The solution was refluxed for 2 h with stirring

and then cooled to room temperature. After adding 4.514 g (10 mmol) of Zr(0-Bu),, the
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solution was refluxed for 2 h. The reaction mixture was cooled to room temperature,
and 1.247 g (11 mmol) of 30% H,O, was carefully added. The solution was then
refluxed for 1 h. The concentration of titanium was 0.5 mmol g * and diluted with
ethanol to 0.4 mmol/g, equivalent to titania precursor solution (Statania) S Molar

concentration.
6-2.3 Preparation of the composite precursor solution (Scomposite)

The precursor solution for fabricating Ag-NP/ZrO, composite thin films (Scomposite) Was
prepared by mixing the solutions Sag and Szirconia Of Various concentrations to adjust the

silver concentration in the range 10-80 mol%.
6-2.4 Film fabrication by coating and heat treatment

Precursor films were deposited on the quartz glass substrate at ambient temperature of
600°C using the spin-coating method, in a double-step mode: the first step was carried

out at 500 rpm for 5 s and the second, at 2000 rpm for 30 s, for all preparations.

Two thin films of Ag nanoparticles and pure zirconia were formed by heat treating the
spin-coated precursor films and applying the solutions Sag and Siirconia, respectively.
The Ag-nanoparticle/zirconia composite (COMP-Agn/ZrO,) films were fabricated by
heat treating the spin-coated precursor films, while applying the solution Scomposite, at
600°C for 30 min in air. The number n in the notation of the composite films indicates
the silver molar percentage (Ag mol%) to TiO,; for example, the name COMP-Ag40

indicates that the silver molar percentage in the Scomposite SOlUtion was 40 mol%.

6-2.5 Crystal structure and particle size
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The X-ray diffraction (XRD) patterns of Ag particles, pure zirconia, and
COMP-AgnZrO; films were measured using an X-ray diffractometer (MXP-18 AHF22,
Bruker AXS) with Cu-Ka rays generated at 45 kV and 300 mA. Parallel beam optics
were employed with an incident angle of 0.3°. The monoclinic content ratio, Cp, to
zirconia crystals phases for zirconia and the COMP-AgnZrO, films was calculated with
the empirical equation (6.3), using the peak ratio I,: monoclinic (1 1 1), I;: tetragonal
(101) and I¢: cubic (1 1 1), according to the literature [11]. The C, values can be then
use to determine the volumetric fraction of silver particles in Ag-NP/TiO, composite

thin films, namely, @aq, USiNg equation (6.4):

Im onoclinit(lll) +Im onoclinit(—lll)

Con = (6.3)
|tetragona(101) + |cubic(111) + Im onoclinic(lll) + Im onoclinic(—lll)
FWAg . NAg FWAg . NAg Fwzirconiae Nzicwni
Pag = ( ) * = ) (64
dAg dAg dtetragona(l — Cm) + deubice (1 — Cm) + Umonocrinice Cm)

where dmonoclinic, Oretragonal @Nd deubic represent the density of monoclinic (5.6 gem3),

tetragonal (6.1 gcm %) and cubic (6.27 gcm®), respectively.
6-2.6 Measurement of thickness and electrical properties of films

The film thicknesses of zirconia and COMP-AgnZrO, films were measured using a
stylus profilometer (DEKTAKS3, Sloan). The electrical resistance at 25°C was measured
using the four probe method reported in chapter 3. The electrical resistivity, p, of the

films was calculated using equation (5.5) reported in Chapter 5.

6—-3 RESULTS AND DISCUSSION

178 | Page



The precursor solution, Sag, for fabricating silver films could be obtained by dissolving
an appropriate amount of silver acetate in ethanol in the presence of dibutylamine. The
zirconia precursor solution, Szirconia, iNVOlving the Zr-NTA complex was successfully
prepared. Twelve composite precursor solutions, Scomposite, With10, 20, 30, 40, 42, 45, 46,
50, 55, 60, 70 and 80 molar percentages of Ag, could be facilely obtained by mixing the
two solutions. Figure 6.2a—g shows the photographs of some of the resultant thin films.

Figure 6.2 shows the photograph images of the Ag NP, Pure ZrO, and Ag-NP/ZrO,

composite thin films.

Fig. 6.2 Photographs a—h, of the resultant thin films fabricated: (a) Ag NP, (j) pure ZrO,,
COMP-AgnZrO; thin films where n=(b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70

and (i) 80 respectively.

6-3.1 Structural, optical and electrical properties of silver, ZrO, thin film and

Ag-NP/ZrO, composite thin films
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The ZrO, thin film was 90 nm thick; however, the thickness of the silver film could not
be determined because the particles were discontinuously deposited, as revealed by the
FE-SEM observation chapter 3, (Fig.3.7). The electrical resistance of both the silver and
ZrO, thin film exceeded 10% Q and the values were too high to be determined using the

conventional apparatus employed in the present study.

Figure 6.3 (a) shows XRD patterns of pure ZrO, and COMP-Ag50ZrO, deposited on

quartz  glass substrates and heat treated at 600°C for 30 min.
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Fig. 6.3 (a) XRD patterns of the ZrO, and Ag-NP/ZrO, composite thin films with
various @ag. The peaks are denoted as follows: filled inverted triangle silver, filled circle
anatase, filled square rutile, and filled diamond silver oxide. (b) UV/Vis Absorption

spectra of the synthesized thin films.

The XRD analysis indicates that no phases other than tetragonal zirconia and metallic
silver were present in the composite thin films. This indicates that no reaction took
place between zirconia and silver during heat treatment. It is well known that the
crystalline phase adopted by zirconia is mainly dependent on the heat treatment

temperature [4—6], hence, under the current conditions, single phase of tetragonal
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zirconia are obtained at 600°C, corresponding to the same phase reported in literature at
an identical heat treatment temperature [4]. The presence of Ag NP in the composite

does not have any influence on the crystal phase of zirconia.

The peaks at 38.2°, 44.4°, 64.6° and 77.5° are assignable to the (111), (200), (220), and
(311) reflection lines of fcc Ag particles, respectively [JCPDS card 4-783, 1978]. The
peaks at 30.4°, 35.2°, 50.4°, and 60.1° are assignable to the (101), (011), (211), and (112)
reflection lines of tetragonal zirconia, respectively [JCPDS card 83-0810, 12]. On the
basis of these XRD result, the composite thin films are only consist of a single phase,
tetragonal zirconia, hence equations (6.3) was omitted since C,=1 for the calculation of
Ag volumetric fraction @aq Values in Ag/ZrO, composite thin films. The calculated
volumetric fractions of silver, pAg, listed in Table 6.1 were obtained using equation 6.4

modified to equation 6.5:

FWAg [ NAg FWAg L] NAg FWletraganal L] Ntslragunal
P = ( ) +

7.5
dAg dAg dtetragonal ) ( )

Figure 6.3 (b) shows UV-Vis absorption spectra of Ag-NP, pure ZrO, thin films and
Ag-NP/ZrO, composite thin films. The ZrO;, thin film showed a low-intensity
absorption band in the Vis-region; however, its absorption intensity increased steeply at
shorter wavelengths. In contrast, the Ag NP film showed a weak and broad absorption
band at around 410 nm. This absorption band can be also observed for the Ag-NP/ZrO,
composite thin films, though the peak become width and some exhibit overlapping
peaks upon increasing the Ag content. Theoretical when Ag-NP film is irradiated with
vis-light, a large oscillating electric field is observed around the metal particles [10, 13,

14]. The absorption band in this region corresponds to the characteristic SPR of metallic
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Ag NPs. Hence prove that the metallic Ag NP with different size and shapes due to

overlapping peaks were synthesized.

Table 6.1 The Ag volumetric fraction, @aq, values, film thickness, and electrical
resistance of the ZrO,, TiO,, Ag-NP/ZrO, and Ag-NP/TiO, composite thin films

fabricated on a quartz glass.

Volumetric Volumetric  Film thickness Electrical Electrical

fraction of Ag  fractionof  (Ag-NP/ZrO,)  Resistance® Resistance’?

Notation
in Zio, Ag in TiO,Y (Ag-NP/Zr0Oy,) (Ag-NP/ZrO,)
Pag Pag nm Q [0)

ZrO, 0.00 - 90 >10° >10°
TiO, - 0.00 130 >10° >10°
COMP-Ag40 0.25 0.26 110 >108 >108
COMP-Ag42 0.27 0.27 120 >10° 5.0 (2) x 10
COMP-Ag45 0.29 0.30 120 >10° 25 (2)
COMP-Ag46 0.30 0.31 110 >108 12 (1)
COMP-Ag50 0.34 0.34 120 >10° 5.0 (1)
COMP-Ag55 0.38 0.39 140 >108 3.0 (3)
COMP-Ag60 0.43 0.44 130 96.7 (5) 4.0 (3)
COMP-Ag70 0.54 0.55 170 68.0 (7) 2.0 (4)
comp-Agso | 9-67 0.68 270 >10° 19 (12)

1) Data extracted from Table 5.1 from Chapter 5.

2) Estimated standard deviations are presented in parentheses.
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Table 6.1 also lists the film thickness and electrical resistance of Ag-NP/ZrO,
composite thin films with @aq ranging from 0.26 to 0.68. Ag/ZrO, composite thin films
with @ag values of 0.43 and 0.54 exhibit the lowest electrical resistance of 96.7Q2 and
68.0Q corresponding to electrical resistivity of 4.4x10° and 3.0x10 Qcm, respectively.
The percolation threshold value for the influence of Ag addition on electrical resistivity
of Ag-NP/ZrO, composite thin films on quartz glass must be found therefore, between
0.43 < @ag < 0.54. For comparison purpose, the Ag volumetric fraction @aq values of
Ag-NP/TiO, composite thin films extracted from the previous chapter are also tabulate
in the same table. In this case, for Ag-NP/TiO, composite thin films, the percolation
threshold was identified at a pag value of 0.30 with the magnitude of 10 Q-cm while
the lowest electrical resistivity of 10> Q-cm was recorded for the composite with the
Ag fraction, @ag, Of 0.55. It is proposed that the electrical resistivity change is strongly
dependent on the shape and size of the particles, and the quality of the particle boundary,
which determines the percolation effects [15, 16] as well as the types of matrix

accommodating the fillers and in addition the film thickness.

From these points of view, the influences of Ag nanoparticles on the electrical
resistivity of the present composite thin films are mainly due to the insulation nature of

zirconium oxide compare to the semiconductor nature of titanium oxide.

Additionally, the morphological change caused by the agglomeration of Ag
nanoparticles may increase the film thickness from 110 nm for @ag < 0.55 to 170 nm for
¢ag = 0.68, resulting in an increase in the electrical resistivity because of the inevitable

increase in contact resistance between the grown particles. Thus, the resistivity recovery
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of composite films (Table 6.1) with pag Values larger than 0.54 can be attributed to this

morphological change.
6—4 SUMMARY

Ag-nanoparticle/zirconia thin films, with various volumetric fractions of silver (¢ag) in
a zirconia matrix, were successfully fabricated using the molecular precursor method,
and their structural and electrical properties were clarified. This study shows that the
molecular precursor method, does not only able to fabricate metallic Ag NPs in titania
as discussed in thesis but also offers excellent miscibility of the silver and zirconia
precursor solutions is effective for overcoming the limitations in miscibility of the
conventional sol-gel method and is necessary for fabricating composite thin films
having a large ¢ag Vvalue. However, the percolation of the electrical conductivity of
depends on the nature of the specific matric where Ag NP as fillers are incorporated.
Thus increasing the Ag volumetric fraction from 0.27 to 0.55 decreases the electrical
resistivity for Ag NP/TiO, composite thin film from in excess of 102 Q-cm to 10
Q-cm while the lower and detectable electrical resistivity of Ag-NP/ZrO, thin films
could be only observed between Ag volumetric fraction, 0.26 < ¢@ag < 0.68. The
electrical resistivity recovered, moving from 10° to >10® Q-cm after 0.61 to 0.68, due
to an inevitable increase of the separation distance between the grown particles caused
by the agglomeration of Ag nanoparticles. | can assumed that the incorporation of Ag
NP in any medium using MPM is applicable but electrical conductivity will depend on
the property of the matrix and these observation pose no problem for clinical

applications.
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CHAPTER 7: PLASMONIC PROPERTY OF Ag-NP/TiO; COMPOSITE THIN

FILMS.
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7-1 INTRODUCTION

On silver nanoparticles (Ag NP), light can excite the collective oscillations of the free
electron density, also known as plasmon resonances [1]. The excitation of plasmon
resonances is a unique property of Ag NP and represents the most efficient mechanism
by which light interacts with matter. It has been demonstrated in previous chapter,
Chapter 4, that the absorption spectra of metallic Ag nanoparticle/titania (Ag NP)/TiO,
composite thin films, COMP-Agn, with Ag 50 mol% fabricated on a quartz glass
substrate at different heat treatment temperature, T, 70° < T< 800°C exhibit plasmonic
property. The main absorption peaks for all composites thin films were around 400 nm
and wide-range absorption in the visible region at wavelengths greater than 400 nm.
This illustrate that the metallic Ag NP must be large enough (c.a. 10 or more atoms) to
have free electron density, but be small enough (less than the wavelength of visible
light) that the optical properties change with particle size, shape, and local environment
[2, 3]. Theoretically, the excitation of plasmon resonances on a NP can be named
either as surface plasmon resonance (SPR) or localized surface Plasmon resonance
(LSPR) [4]. When particles are small as compared to the wavelength of incident
radiation, the entire particle experiences the same phase of the incident radiation. For
Ag NP, this mainly occurs around the 400 nm wavelength, a phenomenon known as
SPR. The excitation of plasmon resonances in NPs produces a local electromagnetic
field that extends from the particle surface and into the surrounding environment [5, 6].
This field is ‘enhanced’ as compared to the incident field and is a concentration of the
incident field around the particle. As the particle dimensions become larger, the
different areas experience different phases resulting in the formation of multiple
plasmon modes. The increase in bandwidth is also a result of radiative damping of the
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plasmon oscillations in the nanoparticle. The efficient emission (scattering) of photons
reduces the lifetime of the plasmon oscillations and broadens the plasmon band, a
phenomenon known as LSPR [4, 5]. However, the overall plasmon coupled peak
depends on the particle size and shape, distance between, nature of the supporting

substrate, and local dielectric environment [2, 7].

In this chapter, a study related to the effects of the amount, size, shape, and the
separation distance between Ag-NP on the coherent plasmon in Ag NP/TiO, composite
thin films is under investigation. The absorption spectra of Ag-NP/TiO, composite thin
films were analyzed, in order to study the plasmonic effect of Ag-nanoparticles (Ag NP)
in dielectric TiO, matrix. It was found that there is a correlation between the amount,
size, shape and separation distance between Ag in the composite with both the
absorption peak positions and intensities. The work presented in this chapter will be
used to investigate the photocurrent and photocatalytic properties of Ag NP/TiO,
composite thin films in the following two chapters, Chapter 9 and Chapter 10,
respectively. The findings may further open up other further investigation on photo

responsive studies.

-2 EXPERIMENTAL

7-2.1 Materials

All the materials employed in this chapter are tabulated in Chapter 3, Table 3.1.

7-2.2 Synthesis of coating solutions and fabrication of COMP-Agn
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A precursor solution containing a Ti*" complex of EDTA, Srioz, Was prepared in
accordance with MPM outlined in Chapter 3, Scheme 3.I. A silver acetate ethanol
solution, Spg, for the fabrication of Ag NPs used in the composite thin films was
prepared according to a new method also illustrated in Sceme3.1. Respective TiO; and
Ag NP thin films on quartz glass substrates were fabricated at 600°C in air by using the
Stioz and Spg precursor solutions. The Stiop and Sag solutions were then mixed at
different Ag molar concentrations (n) to prepare coating solutions for COMP-Agn,
Scomposite- T€N COMP-Agn films were fabricated at 600°C in air on quartz glass
substrates. Figure 3.3 (a) through (h) of Chapter 3 shows the photographs of the
resultant composite thin films and their thicknesses of these films are listed in Table 5.1
of Chapter 5. Ag-NP/TiO, composite ultra-thin films used to measure the TEM images
of the composite was also prepared using the same procedure, except that the thin film
was fabricated on NaCl single crystals as a supportive substrate and the ultra-thin films

were transfer on Cu grid upon.

7-2.3 Absorption spectra for TiO,, Ag NP, and COMP-Agn thin films fabricated

on quartz glass substrates

The absorption spectra for the TiO,, Ag NP, and COMP-Agn thin films fabricated on
quartz glass substrates were measured in the range 200-800 nm using the double-beam
mode. The measurement was performed using a UV/Vis spectrophotometer (U-2800,
Hitachi) shown in figure 7.1 and air was used as a reference. The reflectance spectra of
pure TiO, as well as for those of the Ag-NP/TiO, composite thin film samples were
performed with a Perkin-Elmer Lambda 900 spectrometer provided with a diffuse

reflectance accessory
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Fig. 8.1 Photo for UV/Vis/NIR spectrometer (Lambda 900, PerkinElmer).

7-2.4. Surface morphology of Ag-NP/TiO; composite thin films

The surface morphology of the all resulting composite thin films was observed with a
field-emission scanning electron microscope (FE-SEM S-4200, Hitachi, Tokyo, Japan)
at an accelerating voltage of 0.5 kV. The nanostructure images for Ag-NP/TiO,
composite thin films were observed with a transmission electron microscope (TEM
H8100, Hitachi, Tokyo, Japan) at an accelerating voltage of 120 kV using the ultra-thin

films applied on Cu grid.

7-3 RESULTS AND DISCUSION

Ag NP and eight Ag NP/TiO, composite thin films (COMP-Agn; n = 10, 20, 30, 40, 50,
60, 70, and 80) were fabricated. The XRD spectra patterns of these Ag NP/TiO,

composite thin films are presented in Chapter 5 and may be referred to for more details.
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X-ray diffraction (XRD) revealed that the films consist of rutile, anatase, and metallic

Ag nanoparticles distributed in the titania matrix.

7-3.1 Absorption spectra of TiO,, Ag NP, and COMP-Agn thin films

Figure 7.2 represents the UV-vis absorption spectra for TiO,, Ag NP, and COMP-Agn
(10 < n < 60) thin films. The TiO, thin film showed a low-intensity absorption band in
the vis-region; however, its absorption intensity increased steeply at shorter

wavelengths.
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Fig. 7.2 UV-Vis absorption spectra for Ag NP (thick solid line), TiO, thin film (dotted
line), COMP-Ag10-40 thin film (dashed line), and COMP-Ag50-60 composite thin

film (thin solid line).
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In contrast, the Ag NP film showed a weak and broad absorption band at around 410 nm.
This absorption band are observed for the COMP-Agn thin films, though the peak
position in this region gradually shifted to shorter wavelengths upon increasing the Ag
content. When a Ag NP film is irradiated with vis-light, a large oscillating electric field
is observed around the metal particles [5, 8—11]. The absorption band in this region
corresponds to the characteristic SPR of Ag NPs. Just like in previous chapters, for
COMP-Agn, apart from an SPR peak around 400 nm, additional wide-range absorption

spread in the wide vis-region at wavelengths greater than 400 nm was observed.

Theoretically, when samples are irradiated by vis-light, large oscillating electric fields
are produced around and between the metal nanoparticles because of LSPR [1, 12, 13].
According to several studies, wide-range absorption corresponds to a tip-to-tip plasmon
mode and intraparticle plasmonic coupling of tip and cavity resonances [1, 14—16] and
scattering of the incident light [6, 17]. Therefore, the wide-range absorption observed in
the vis-region can be due to the characteristic LSPR for the Ag NPs incorporated in the
TiO, matrix. Moreover, the absorption spectra for COMP-Agn indicate an increase in
the absorption intensity in the vis-region with an increase in the Ag content. It is well
known that an increase in the Ag content in composite thin films leads to an increase in

absorption intensity [18—20].

The UV-vis absorption spectra for COMP-Agn (n = 70, 75, and 80) are shown in figure
7.3. The intense absorption band at approximately 390 nm has a shoulder component in
the shorter wavelength region. They are assignable to the SPR peaks due to Ag NPs
with different sizes. For composite thin films with Ag content more than 70 mol%, the

intensity of wide-range absorption in the vis-region decreased with an increase in the
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Ag content. This decrease in the wide-range absorption intensity can be attributed to the

decrease in the amount of TiO,.
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Fig.7.3 UV-Vis absorption spectra for COMP-Ag70-80 composite thin films fabricated

on quartz glass.

From these absorption spectra, COMP-Agn can be categorized into three types
depending on the Ag content—COMP-Ag10-40 (10 < Ag mol% < 40), COMP-Ag50-60
(40 < Ag mol% < 70), and COMP-Ag70-80 (70 < Ag mol%) thin films. The
COMP-Ag10-40 thin films show one weak or non-detectable SPR peak at around 400
nm, which can be observed at around 410 nm for the Ag NP film. The COMP-Ag50-60
thin films show one well-defined and intense absorption band due to SPR at
approximately 400 nm, with intense and wide-range absorption assignable to LSPR in
the vis-light region. This wide-range absorption by the COMP-Ag50-60 thin films

increases with an increase in the Ag content. The COMP-Ag70-80 thin films show two
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overlapping SPR peaks at approximately 390 nm, with intense absorptions across the
wide vis-light region. This wide-range absorption by the COMP-Ag70-80 thin films
decreased with an increase in the Ag content, which is in contrast to the absorption

behaviors of the COMP-Ag10-40 and COMP-Ag50-60 thin films.

For additional observation and for your information, it seems important to note that
these three levels of Ag content in COMP-Agn are strongly correlated to their electrical
resistivity, as we reported in a previous chapter, Chapter 6. The COMP-Ag10-40 thin
films show resistivity higher than 10° Q cm. On the other hand, the COMP-Ag50-60
thin films show low electrical resistivity in the range 10"~10 Q cm, which gradually
decreases with an increase in the Ag content. The electrical resistivity of the
COMP-Ag70 to 80 thin films increases again from 10° Q c¢m to 102 Q cm with an

increase in the Ag content from 70 mol% to 80 mol%, respectively.

7-3.2. The effect of the amount of Ag NP in the Ag-NP/TiO, composite thin films

on plasmon.

To investigate the distribution and consecutive growth of metallic Ag-NP in the
COMP-Agn, all the composite thin film samples plus Ag NP film were examined with
TEM, and the micrographs are shown in figure 8.4. As presented in Figure 7.4(a), the
presence and distribution of the Ag NP can be observed clearly as dark spots. Hence,
the dark spots within the composite films micrographs (figure 7.4 (b)—(j)) represent the
Ag NP. The high-resolution TEM image (figure 7.4 (b)) confirmed that the composite
samples was comprised of crystalline titania and silver nanoparticles with the lattice
spacing of a-axis agreeing well with the anatase phase (0.352 nm) and metallic silver

(0.240 nm), respectively.
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All the TEM micrographs (figure 8.5(a)—(j)) exhibited small Ag-nanoparticles: 5+ 2 nm.
Three other populations of Ag NP are obtained; small spherical nanoparticles: 11 + 7
nm, larger spherical: 29 + 8 nm, and rod-like: 45 £ 25 nm, or agglomerated ones
depending on the amount of silver in a given thin film. Therefore, COMP-Agn can be
categorized into three types depending on the Ag content—COMP-Ag10—40 (10 < Ag
mol% < 40), COMP-Ag50-60 (40 <Ag mol% <70), and COMP-Ag70-80 (70 < Ag
mol%) thin films. The COMP-Ag10-40 thin films show spherical Ag NP
homogeneously distributed in the titania with diameter 11 + 7 nm. Most of Ag NP by
the COMP-Ag70-80 thin films is more agglomerated, which is in contrast to the

behaviors of the other two thin films categories.

X
CoMP-Ag 30 IESRE BT CoMP-Ag 40

COMP-Ag 70
Fig. 7.4 (a) TEM image of Ag NP; (b) HRTEM image of COMP-Ag10, and (c)—(j)
TEM images of Ag-NP/TiO, composite thin films at various amounts of Ag molar
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concentrations: (c) 10; (d) 20; (e) 30; (f) 40; (g) 50; (h) 60; (i) 70 and (j) 80,

respectively.

An important observation in the UV/Vis absorption spectra of composites is that the
plasmon bands broaden and peak intensities decreasing as the amount of Ag in the
composite increases. As the amount of Ag in the composite is increasing, the surface
area available for the incident radiation is also increasing, hence the particles will

respond to more frequencies of the incident light leading to a broader plasmon band.

7-3.3. The effect of the Ag NP size in the Ag-NP/TiO, composite thin films on

plasmon.

All the TEM micrographs (figure 7.4(a)—(j)) exhibited small Ag-nanoparticles: 5 + 2 nm.
Three other populations of Ag NP are obtained; small spherical nanoparticles: 11 + 7
nm, larger spherical: 29 + 8 nm, and rod-like: 45 + 25 nm, or agglomerated ones
depending on the amount of silver in a given thin film. Therefore, using TEM
information, COMP-Agn can be categorized into three types that are identical to the
UV/Vis absorption spectra categories done in above section—COMP-Ag10-40 (10 <
Ag mol% < 40), COMP-Ag50-60 (40 <Ag mol% <70), and COMP-Ag70-80 (70 < Ag
mol%) thin films. The COMP-Ag10-40 thin films show spherical Ag NP
homogeneously distributed in the titania with diameter 11 + 7 nm. Most of Ag NP by
the COMP-Ag70-80 thin films is more agglomerated, which is in contrast to the
behaviors of the other two thin films categories. An important observation in the
UV/Vis absorption spectra of composites is that the plasmon bands broaden and peak
intensities increasing as the size of Ag in the composite increases. And then decrease as

the Ag NP starts to agglomerate. This is probably due to the phase retardation of the
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incident radiation that occurs as the dimensions of Ag NPs increase [21]. When
particles are small as compared to the wavelength of incident radiation, the entire

particle experiences the same phase of the incident radiation.

7-3.4. The effect of the shape of Ag NP in the Ag-NP/TiO, composite thin films on

plasmon.

From TEM images of the seven COMP-Agn (Fig. 7.4a-g), two populations of Ag NP
are obtained; small spherical nanoparticles (0.5—1.5 nm) and larger ones (mean diameter
4 to 45 nm depending on the amount of Ag in the composite thin film). The small
spherical Ag nanoparticles associated with larger spherical, rod-like or agglomerated Ag
nanoparticles observed in each thin film may have been released into the TiO, matrix
from the agglomerated Ag clusters by the energy provided from the ultrasonic stirring
during the preparation procedure [22]. An important observation in the spectra is that
the numbers of the plasmon bands are increasing or overlapping as the Ag NP shape is
changing from spherical to rod-like and then to agglomerated. As the particle
dimensions become larger, the different areas of the particles experience different
phases resulting in the formation of several numbers of the plasmon bands [23].
Moreover, larger particles interact with more wavelengths of the incident light and
result in the excitation of multiples Ag NP with different geometry in the thin film. This
translates into more wavelengths for excitation and, consequently, multiple plasmon

overlapped peaks [24].

7-3.5. The effect of the separation distance between large Ag NP in the Ag-NP/TiO,

composite thin films on plasmon.
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A decrease in UV/Vis absorption spectra peaks intensity at both short wavelength and
long wavelength regions can be observed in figure 7.3. This observation could be due to
the increase in distance between the large Ag NP caused by the change in the geometry
of Ag NP from spherical for COMP-Ag10 to rod-like and partially agglomerated Ag
NPs in COMP-Ag70. The plasmon resonances (wave) must travel between the particles,
however, large distance between the particles results in a lower resonant frequency to
maintain an excited state, hence lower intensity. The increase in distance between
particles may occur because of the agglomeration of Ag NP associated with the increase

in the amount of Ag in the composite thin film.

In order to validate the changes in separation distance of the Ag NP on the surface of
the composite thin film, electron microscope images were acquired to illustrate the
appearance of the surface of Ag NP/TiO, composite thin films on the glass substrate
and determine the separation distance between the larger Ag NP on the surface. The
representative plain view SEM images of the composite thin films obtained at various

Ag molar concentration (mol%) are shown in figure 7.5a-g.

The SEM images show three different shapes of (spherical, rod-like, and agglomerated)
Ag NPs. For COMP-Ag10—40, Ag-NP (white dots confirmed by EDX mappings) of
size 20—40nm are observed to be separated by typical separation distance in the range
of 20—50nm (figure 8.6a-d, respectively). COMP-Ag50—70, the particles sizes are
40-100nm (figure 8.6e-g, respectively), with separation distance of <20nm. From DRS
plasmon spectra, the peaks intensities are seem to be decreasing with the increasing of
separation distance. COMP-Ag80 is highly agglomerated and it is difficult to observe

the separation distance.
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(2) COMP-Ag10 % (b) COMP-Ag 20 (c) comp-Ag30 B T (d) COMP-Ag 40
g I - v P 7

Fig. 7.4. SEM images a-h, of the Ag-NP/TiO, composite thin films at various amounts
of Ag molar concentrations: (a) 10; (b) 20; (c) 30; (b) 40; (e) 50; (f) 60, (g) 70 and (h)

80, respectively.

-4 SUMMARY

The increase in the amount (n) of Ag in the Ag-nanoparticles/TiO, composite thin films
(COMP-Agn, where n is Ag-mol%, 10 < n < 80) resulted in the exhibition of plasmon
peak at 400 nm for all thin films followed by the exhibitions of extra peaks at blue and
red spectral side of the this peak, 400 nm depend on the amount, size and the geometry
of the Ag NP in the composite and is consistent with other literature reports. Apart from
an SPR peak around 400 nm, additional wide-range absorption spread in the wide
vis-region at wavelengths greater than 400 nm was observed. The wide-range
absorption is due to a tip—tip plasmon mode, intraparticle plasmonic coupling of tip and
cavity resonances (LSPR). The spectral peak positions followed a linear correlation
against the amount of Ag in the composite. This correlation provides the ability to
obtain a specific lambda maximum by selecting the corresponding amount of Ag mol %
to be doped in titania. The decrease in the spectral peak intensities followed a linear

correlation against the increase in agglomeration associated with the increase in the
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amount of Ag in the composite thin films. It was further observed that the composites
with Ag NP of different amount, size and shape were large enough to experience the
excitation of multiple plasmon sharp bands at different specific lambda maximum at
blue spectra regions 310 nm—400 nm. This reflects that my composite thin films are
more suitable candidates achieving better photo-responce efficiency under visible and
this may further open up a variety of optical and further development of their
photonic/plasmonic/spectroscopic applications. These optical properties of my
Ag-NP/TiO, composite thin films already make themselves attractive for optical study
such as photocurrent (Chapter 8) and photocatalytic (Chapter 9), the final chapter before
the conclusion and recommendations] and this may further open up a variety of optical
and photonic applications such photovoltaic, biosensors, optical filters, plasmonic

waveguides, and substrates for surface-enhanced Raman spectroscopy.
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CHAPTER 8: PHOTOCURRENT DENSITY OF Ag NANOPARTICLES/TIO;

COMPOSITE THIN FILMS WITH VARIOUS AMOUNT OF Ag.
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8-1 INTRODUCTION

In 1996, the molecular precursor method (MPM), which is a wet chemical process, was
developed in our laboratory [1]. Since then, MPM has been used for fabricating
phosphate and metal oxide thin films [2—10]. This method requires heat treatment to
eliminate organic ligands from metal complexes present in spin-coated precursor films
and to fabricate thin films of crystallized metal oxides or phosphates [11]. In Chapter 6,
I have demonstrated that MPM can be used to fabricate Ag nanoparticles (Ag
NPs)/TiO, composite thin films (COMP-Agn) with various and unprecedentedly high
amounts of Ag (up to 80 mol%) homogeneously distributed in a TiO, matrix by
heat-treating precursor films at 600°C. Thus, MPM is now necessary for fabricating

composite thin films having high Ag content and high electrical conductivity.

Most studies on the photoelectrochemical mechanism of noble metal/TiO, composites
have been focused on the details of photoinduced electron transfer, which can be used to
determine the vis-light response of the composites, though the Ag content in these
composites is quite low (3—6 mol%) [12, 13]. Zhao et al., [13] fabricated TiO, film
electrodes with a TiO, overlayer containing dispersed Ag particles by a sol-gel method,
and reported the effect of Ag particles on the photoelectrochemical properties of the
TiO, electrodes. The photoelectrochemical properties reported in literatures obtained
mainly through sol-gel method by doping Ag into TiO, showed photosensitivity in the
visible—light region, where anodic photocurrent can be observed in aqueous solution.
Naturally occurring TiO, displays anodic photocurrent (n- type conductivity) due to its
native defects such as titanium interstitials and oxygen vacancies. An anoding

photocurrent could be observed in Ag/TiO, systems where by anodic photocurrent is
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increasing with the increase in heat treatment temperature and Ag molar concentration

in titania as illustrated in figure 8.1:
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Fig. 8.1 Photocurrent density of 0.06 mol% Ag-TiO, thin films heat-treated at different
temperature, (b) pure TiO,, 0.03 and 0.06 mol% Ag-TiO, thin films, deposited on ITO
substrates at 600°C, as a function of irradiating light at +1.0 V vs. Ag/AgCl in 0.1mol/L

Na,SO,4 aqueous solution[12].

An increase in the anodic photocurrent under visible (vis-) light irradiation, which might
have resulted from the surface plasmon resonance (SPR) of the metal particles, was
observed. The anodic photocurrent increased under ultraviolet (UV-) light irradiation
and then decreased for an excess amount of Ag particles. These effects of the dispersed
Ag particles on the photoelectrochemical properties of the TiO, electrodes were
explained on the basis of band models by taking into account Schottky barriers formed

at the TiO,-metal and TiO,-solution interfaces [12, 13].

The cathodic photocurrents of TiO, electrodes with noble metals and fabricated by the

electrodeposition method have also been reported [14—16]. Tian and Tatsuma [14],
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reported on the photoelectrochemical properties of TiO; electrodes electrodeposited on
Au NP (ITO/TiO,/Au NP) and TiO,-coated Au NP (ITO/Au NP/TiO;) electrodes for
which anodic and cathodic photocurrents, respectively, were observed under vis-light
irradiation. They indicated that the electron transfer from Au NPs to TiO, generates a
cathodic photocurrent because of the localized surface plasmon resonance (LSPR) of
photoexcited Au NPs. In another study, Takahashi and Tatsuma [16], replaced Au NPs
with cheaper Ag NPs, simply because Ag NPs are more effective for preparing a
photoelectrode with wide-wavelength-range absorption. However, their ITO/TiO2/Ag
NP electrodes were short-lived because Ag NPs on TiO, are easily oxidized and
dissolved in an electrolytic solution under vis-light irradiation. They then fabricated
electrodeposited Ag NPs on an ITO/TiO, electrode through an Al,O3; nanomask and
examined their photoelectrochemical responses at various potentials between —0.5 and
—2.0 V vs. Figure 8.2 illustrated the importance of masking done by Tatsuma and his
group. Ag/Ag”’. The ITO/Ag NP/TiO, electrode generated a cathodic photocurrent by

photoexcited electron transfer from Ag according to the LSPR process.

7 G |

= =

o o 0.15F L Japr—se— -

< 120} e < 0 ’ r’ﬂ_

= So10 =

2 100r |8 Whie 2 S g

% sok < 005 Light g 10k ; I

° i 0,00k : L T o

= 60 400 500 600 700 2 15k |

§ 40+ Wavelength / nm g ‘(/

> . . 3 - -

§ 20F L White Light > § 20 '

= S : - R S T W

o 0 100 200 300 400 o 0 20 40 60
Wavelength (nm) Time (sec)

Fig. 8.2 Photocurrent (a) ITO/TIO,/Ag-NP without masking [18] (b) ITO/AgNP/TiO,

with Al,O3 nanomask [17].
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Thus, the photoelectrochemical property of COMP-Agn with various amounts of Ag are
of interest, although Li et al. reported that it is difficult to obtain a homogeneous
solution for Ag concentrations above 18 mol% by using a sol-gel method because of the

poor miscibility resulting from metalloxane polymerization in the medium [17].

In this chapter, 1 am reporting on the photoelectrochemical properties of COMP-Agn
prepared by MPM; a cathodic photocurrent was generated by the prepared thin films. To
the best of my knowledge, this is the first report reporting a cathodic photocurrent
generated by Ag NP/TiO, composite thin films prepared using a wet chemical process.
Furthermore, the mechanism of vis-light-excited electron transfer in a noble metal/TiO,
composite system has not been fully clarified and detailed investigations into the effects
of such transfer on the optical properties of Ag NP/TiO, composite thin films are still
needed. The purpose of this study is therefore to elucidate the mechanism of
vis-light-excited electron transfer occurring in a Ag NP/TiO, composite system by

examining the absorption spectra.

8-2 EXPERIMENTAL

8-2.1 Materials

All the materials employed in this chapter are tabulated in Chapter 3, Table 3.1.

8-2.2 Synthesis of coating solutions and fabrication of COMP-Agn

Ten COMP-Agn films were fabricated at 600°C in air on quartz glass substrates based
on the preparation method reported in previous chapters. The Stz and Sag solutions

were then mixed at different Ag molar concentrations (n) to prepare coating solutions
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for COMP-AgQN, Scomposie- Respective TiO, and Ag NP thin films on quartz glass
substrates were also fabricated at 600°C in air by using the Stio2 and Sag precursor

solutions.

8-2.3 Calculation of band gap using absorption spectra for TiO,, and COMP-Agn

thin films fabricated on quartz glass substrates

The absorption spectra for the TiO,, and COMP-Agn thin films fabricated on quartz
glass substrates were measured in the range 200—-800 nm using the double-beam mode.
The measurement was performed using a spectrophotometer (U-2800, Hitachi) and air
was used as a reference. The absorption spectra results obtained are presented in

Chapter 7.

The optical band edge, Eg, of the TiO, and composite thin films were calculated using

the following Tauc expression:

hot™ n
o AEn—Eo)
Ephot

where Epnot (V) is photon energy equal to 1239/A (eV), A is a constant, and « is the
absorption coefficient at wavelength A (nm), and n is equal to 0.5 by considering values
for the direct mode of transition. A value of Epne extrapolated to o = 0 gives a value for

absorption energy that corresponds to the band gap energy Eq [18, 19].

8-2.4 Photocurrent density measurement for TiO, and COMP-Agn thin film

electrodes
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Scheme 8.1 shows a conventional three-electrode system used for photocurrent density

measurements.
-, : | Mix light: 8x10*lux =1 sun
% UV: (Lax-UV 300-400nm )
b " VIS: (Lax-Vis 400-700nm)
LAX-Cute
_ Ag/AgCl reference
Ag Specimen electrode
counter aE—
electrode——mm ®E— ||| ,idjunction  Salt bridge Natural
— Potential
Ar gas
@)
0.1mol/L Na,SO, aqg. 0.1mol/L Na,SO, ag. Saturated KClI
<

Stirrer

Scheme 8.1 Three-electrode method for photocurrent density measurement employed in

this study.

TiO, and COMP-Agn thin films with different amounts of Ag were used as the working
electrode. A Cu wire was attached to the sample surface by a C foil. For all cases, a Ag
metal plate, with a size equal to that of the working electrode, and a Ag/AgCI electrode
were used as the counter and reference electrodes, respectively. The photocurrent
density of the sample electrodes was measured under Xe light irradiation (passed
through spectra filters) from a lamp (Lax-Cute); under UV light irradiation in the
wavelength range 300-400 nm from Lax-UV(300-400); and under vis-light in the

wavelength range 400-700 nm from Lax-Vis(400-700). The light intensity for the latter
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two irradiations was 8.0 x 10* lux. All the measurements were performed in a 0.1 mol/L
Na,SOy solution after bubbling Ar gas at 50 mL/min for 10 min. The flow rate for the
Ar gas bubbling was equal for all measurements. The photocurrent densities were
obtained at 10 s intervals by irradiating the samples with the chosen light for 30 min.
The photocurrent density was recorded using a Toho Technical Research
galvanostat/potentiostat (model: 2090) under natural potential. The photocurrent for the
same COMP-Ag70 film was repeated again after 2 weeks and after 3 months to study
the stability of the thin film. Furthermore, the photocurrent of a newly prepared
COMP-Ag70 film was measured using the same conditions and procedure but now

changing the counter electrodes, namely: Al, Cu, Zn, Pb, Pt, Ag, Fe and Ni.

The average photocurrent density (APD) was calculated from three independent
measurements using different films, according to the following equation:

PD
apD= 2P0 62)
No.of data

where PD is the photocurrent density measured every 10 s for 30 min after switching on
the light. Dark current—current without light irradiation—was also recorded during the
measurements and the average dark current density (ADD) was calculated according to
the following equation:

> DD
ADD=—“= ... (8.3)
No.of data

where DD is the current density measured every 10 s for 30 min between switching off

and on the light.
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The Film thickness, averaged photocurrent density (APD), averaged dark current

density (ADD) of the TiO, and Ag-NP thin films are tabulated in Table 8.1.

Table 8.1 Film thickness, averaged photocurrent density (APD), averaged dark current
density (ADD) of the TiO, and Ag-NP films fabricated at 600°C on the quartz

glass substrate.

APD*" ADD?*"
Film thickness
Notation Vis-light UV-light Dark
nm HA/cm?
TiO, 130 ND 1.03) ND
Ag-NP rough ND ND ND

*The standard deviations are presented in parentheses.
® ND; Current generated is smaller than 10 nA.

8-3 RESULTS AND DISCUSSION

TiO2, Ag NP thin films, and ten Ag NP/TiO, composite thin films (COMP-Agn; n = 10,
20, 30, 40, 45, 50, 60, 70, 75, and 80) were fabricated. The XRD, FE-SEM, TEM and
absorption spectra results for, as well as the electrical conductivities of these Ag

NP/TiO, composite thin films are presented in chapter 5 and 7, and may be referred to

for more details.

8-3.1 Dark current densities of COMP-Agn

Dark currents were observed for the COMP-Ag50-60 and COMP-Ag70-80 thin films,

as shown in figure 8.3, and the average values of dark current are tabulated in Table 8.2.
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Fig. 8.3 Average dark current density of Ag NP/TiO, composite thin films fabricated on

quartz glass as function of Ag mol% in Ag NP/TiO, composite thin films.

This indicates that there is a redox potential between the counter Ag electrode and
working electrode (composite thin films), hence chemical redox reactions occurred to
the system. These results suggest that a new composite with a different electrical
potential could be produced by Ag species in the TiO, matrix of Ag NP/TiO, composite
thin films. Their densities were smaller at 1/5-1/20 of those observed under vis-light

irradiation, as shown in Table 8.2:

It has been reported that dark current can be generated in an electrochemical cell
because of the recombination of charges by the reduction of species in the electrolyte or
counter electrode, with species on the working electrode [20, 21]. Cathodic dark current

can be generated in composite thin films, given that the potential originating at the
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counter electrode is high enough to drive electrons flowing from the conductive

composite thin film into the electrolyte.

Table 8.2 Film thickness, averaged photocurrent density(APD) under vis- and
UV-light, and averaged dark current density (ADD) of the COMP-Agn films
fabricated at 600°C on the quartz glass substrate, where n = 10, 20, 30, 40,

45, 50, 60, 70, 75, and 80 mol%.

Film thickness APD*” ADD" "
Notation Vis-light UV-light Dark
nm HA/cm?
COMP-Ag10 120 ND ND ND
COMP-Ag20 150 ND ND ND
COMP-Ag30 110 ND ND ND
COMP-Ag40 100 ND ND ND
COMP-Ag45 100 —6.0(5) -0.1(2) —0.8(2)
COMP-Ag50 100 —-10(1) -1(1) —2(1)
COMP-Ag60 100 -11(3) -1(2) —-4(1)
COMP-Ag70 110 -19(2) -2(2) —4(1)
COMP-Ag75 110 -10(2) -1.2(3) —2.8(4)
COMP-Ag80 rough —-1.6(3) —0.5(3) -1.8(2)

*The standard deviations are presented in parentheses.
® ND: Current generated is smaller than 10 nA.
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8-3. 2 Photocurrent densities of TiO, thin film and COMP-Ag10-40 (10 < Ag mol%

< 40) thin films

The APD for the TiO, thin film on a quartz glass substrate was 1.02 pA cm2 (Figure
8.4). As expected, an anodic photocurrent could be observed in the TiO, thin film under

UV-light irradiation.
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Fig. 8.4 Photocurrent density of TiO, thin film fabricated on quartz glass.

Extrapolating the optical band gap of the TiO; thin film, an E4 value of 3.61 eV was
obtained, which is in fact equal to the band gap of pure anatase [5] (assuming direct
transition). Thus, the incorporation of Ag NPs into the TiO, matrix did not affect the
band gap of TiO, because the band edge of all COMP-Agn films was comparable to that

of a pure TiO; thin film, as shown in Figure 8.5.

The extrapolating optical band gap of the COMP-Agn films which is equal to that of
pure TiO, corroborate that the anatase band gab did not change with incorporating silver

into titania matrix. The anodic photocurrent for this TiO, thin film under UV-irradiation
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is due to the wide band gap of anatase that allowed it to absorb only UV light and to

produce electron/hole pairs.

1.8

1.6 |

14 F

12

(ahv)12

0.6

04

02

08 |

COMP-Ag50

COMP-Ag80

COMP-Ag30

Tio,

3 3.1

3.2 3.3

3.5

3.7

3.8 3.9 4

Photon energy (eV)

4.1 4.2

Fig. 8.5 UV-Vis absorption spectrum of the TiO, and COMP-Ag 30, 50, 70, and 80

composite thin films for determining the value of the optical band gap. The plots have

linear regions and the depicted extrapolation of the straight line to a = 0 gives the

indirect band gaps to be 3.61, 3.62, 3.59, 3.60, and 3.60 eV, respectively. The band gap

of COMP-Ag 10, 20, 30, and 60 have an identical range with composite thin films

plotted here and were omitted for brevity.

COMP-AQ10-40 thin films did not show any detectable response either to vis- or to UV

light. These films could still easily absorb photons to produce photoexcited electrons

under both UV and vis-light because they had a band gap corresponding to that of pure

TiO,. Owing to this band gap, they could respond to UV light and show characteristic
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absorptions due to SPR and LSPR caused by vis-light. However, the injection of these
photoexcited electrons into the conducting band of TiO; is difficult because of very high
electrical resistivity associated with COMP-Ag10-40 thin films [16]. Hence, it was
difficult for the photoexcited electrons to reach the TiO, surface, leading to an increase
in extinction probability, which was unfavorable to the photoresponsive activity of the

COMP-Ag10-40 thin films.

8-3.3 Photocurrent densities of COMP-Ag50-60 (40 < Ag mol% < 70) thin films

The results of photocurrent density measurements for the COMP-Ag50-60 thin films are
shown in Fig. 8.6. Under vis-light irradiation, the cathodic photocurrent density of these
films increased with an increase in the Ag content. The large cathodic photocurrent
density observed could be mainly due to LSPR. Moreover, the photocurrent density of
COMP-Ag50 was measured under different visible light specific range, namely blue
light, red light and green light range. The resultant cathodic photocurrent spectra are
shown in figure 8.7. These results proved that apart from SPR plasmon around 410 nm,
the wide range LSPR plasmon is also responsible for the photo responsive of my

composite thin films in the visible region.

On the other hand, the APD values under UV-light irradiation were extremely small and
comparable to those for the dark currents (Table 8.2), as well as those for the
abovementioned COMP-Ag10-40 thin films. The high electron transportability of the
electrode facilitated the easy flow of electrons from the external circuit into the Ag NPs,
which released the photoexcited electrons by LSPR. Therefore, with an increase in the
amount of Ag NPs, the COMP-Ag50-60 thin films absorbed larger numbers of photons

and the photoexcited electrons then transferred from Ag NPs to the TiO, matrix.
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0

-0.2
< on off on off on off
= 0.6 Bl
g Green ue
Z -0.8
z 420-610 nm 380410
T 4 RED nm
= 620-740 nm LSPR
= 12 ( ) (SPR)
S 14 (LSPR) [\1\&\\
E 16 30 min

1.8

Fig. 8.7 Photocurrent density of COMP-Ag50 composite thin film using blue, green and

red optical filters.

Consequently, owing to the higher electrical conductivity associated with

middle-Ag-level composite thin films (Fig. 8.8), the photoresponse of these composite
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thin films increased under vis-light irradiation as the photoexcited electrons were

injected easily into the conduction band of TiO..
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Agmol % in TiO,
Fig. 8.8 Electrical resistivity and average photocurrent density generated under vis-light
irradiation as function of Ag mol% in Ag/TiO, composite thin films. Lines indicate as

follows: open circle, Resistivity; filled circle.
8-3.4 Photocurrent densities of COMP-Ag70-80 (70 < Ag mol%) thin films

The increased content of Ag NPs in COMP-Ag70-80 thin films resulted in a decrease in
the cathodic photocurrent density under vis-light, as shown in Fig. 8.9 above. The lower
photocurrents for the COMP-Ag70-80 thin films corresponded to the weaker absorption
intensities of the thin films, as reported in chapter 7. This may be consistent with the

decrease in the electrical resistivity of the composite thin films, as reported chapter 5
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and illustrated in Fig. 8.8, coupled with the decrease in the intensity of LSPR peaks,

which can produce photoexcited electrons in Ag NPs, Chapter 7.
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Fig. 8.9 Photocurrent densities of COMP-Ag70 (solid line), COMP-AQ75 (dashed line),

COMP-AQ80 (dotted line) thin films fabricated on quartz glass.

8-3.5 Repeatability, perspectives and mechanical strength of the thin films

The stability, and reproducibility of plasmonic Ag-TiO, thin films were examined in
order to check their potential use in practical systems. The TiO, doped with non-metal
such as nitrogen and sulfide sometimes suffer from instability in practical application
[23]. So, the stability of plasmonic Ag-TiO, composite thin film is further investigated
by the recycle experiments of photocurrent as shown in figure 8.10. After four recycles
for the photocurrent measurements for Ag-NP/TiO, thin film COMP-AgQ70,
photocurrent response does not exhibit any significant loss of activity, indicating that
the thin films are stabile during the photocurrent measurements. Further observation
shows that after the first cycle, the activity slightly decreases probably due to a drop of a
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small amount of Ag-NPs from the surface of the thin film, and then the activity almost
keeps stable. The XRD pattern of same sample at the end of the repeated photocurrent
experiments is almost identical to that of the initial sample, although small peak peak
observed at 26.5° in the XRD pattern (not shown) indicates the presence of silver oxide
[JCPDS card 40-909]. The presence of silver oxide before and after photocurrent
measurement indicates that depositing Ag on the surface of TiO, promotes the stability
of Ag/TiO, composite thin film due to the chemical adsorption between O— anions in

TiO, and Ag” cations in composite [24].
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Fig. 8.10 Change in photocurrent density for COMP-Ag70 under dark and Vis light

switched for every 20 minutes non-stop using Ag plate as a counter electrode.

8-3.6 The influence of counter electrode type on photocurrent density of

Ag-NP/TiO, thin films
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Fig. 9.12 Change in photocurrent density for COMP-Ag70 under dark and Vis light

switched for every 20 minutes non-stop using different counter electrodes

Table 8.3 Net photocurrent density for COMP-Ag70 obtained using different counter

electrodes.

Visible UV
Light Light

Counter Dark1

Electrode pA/cm* pA/cm?®  pAlcm?

Al -0.9 -6.0 2.5
Zn 1.4 5.2 0.1
Ni 4.1 -6.4 1.3
Pb -16 7.4 0.01
Fe -0.4 4.7 -0.5
Cu -2.8 -3.8 0.1
Ag -1.9 -8.2 0.3
Pt -6.2 -6.8 15

The idea of fabricating a UV/Vis light/electrode-controlled optielectronic switch by
simply change the counter electrode while using a single device, Ag-NP/TiO;

composite thin film, COMP-Ag 70 could be attained as shown in figure 8.11. Dark
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current was subtracted from the visible light photocurrents and the net current is

tabulated in Table 8.3.

All counter electrodes give a negative photocurrent under visible light. Al, Cu, Zn, and
Pb as counter electrodes give a positive photocurrent while Fe, Ni, Ag and Pt give a
negative photocurrent density under UV light. Different metals have different
standard-state reduction potentials, E°.q. From this information one can tell that the
potential different between the metallic Ag/TiO, composite thin film and the metallic
counter electrode have the influence on the polarity of the photocurrent. For instead, the
counter electrode with the most negative E°.q value is the strongest reduction agent
(donate electrons eg Zn electrode in equation 8.4 electrode) while the electrode with the

most positive E°.q value is the strongest oxidizing agent (accept electrons eg Ag

electrode).
Zns) + Ag+(aq) — Zn2+(aq) F AG(s) oo (8.4)
stronger  stronger weaker weaker
reducing oxidizing  oxidizing reducing
agent agent agent agent

The porality of photocurrent will depend on the overall potential different between the
two electrodes, equation 8.5;

Eoovera" = Eoox+ Eored ......................................................................... (85)

Hence, electrode at which reduction takes place in electrochemical cell is the cathode,
equation 8. 6. The electrode at which oxidation occurs is the anode, equestion 8.7.
Therefore the polarity will depend on the E°yeran, Whereby positive will give an anodic

photocurrent whereas the negative value will give the cathodic photocurrent.
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2AQ" + 26 —2Ag E%ed =0.7996 V (cathode).............coeevvininninnn... (8.6)

+7Zn —Zn*t +2¢ E°%=0.76 V. (anode)..........ceveuuueeereeannann. (8.7)
Zn+ 2Ag" Zn? + 2Ag E° = E%eq+ E%y = 15596V ...ooviieiiee e (8.8)
2AQ" + 2e- —2Ag E%d =0.7996 V..., (8.6)
+Pt P +2¢ Bl = 1.2 Voo (8.9)
Pt+2Ag" WP +2Ag  E° = E%q+ E%y =-0.4004V...oooii i, (8.10)

From this results and calculation, one can change the control the polarity of
photocurrent by simply just changing the types of counter electrode while keeping other
conditions constant. At present the phenomena behind is not clear. In addition, this
work opens the possibility to develop light/electrode-controlled switch and work is

currently in progress to study the phenomenon in more details.

8-3.7 Proposed mechanism for photoelectrochemical properties of plasmonic Ag

NP/TiO, composite thin films

The absence of wavelength shift near the absorption edges of the pure TiO, thin film in
the spectra for the present Ag NP/TiO, composite thin films shown in Figure 8.6,
demonstrates that there was no change in the band gap of TiO, by the addition of Ag
NPs. Furthermore, the UV-vis absorption spectra showed that the well-defined SPR
peaks and wide-range LSPR bands due to Ag NPs are capable of efficiently sensitizing
the Ag/TiO, composite thin films. Therefore, these plasmonic properties of the Ag
NP/TiO, composite thin films can help us in elucidating the mechanism behind

photocurrent generation by Ag NP/TiO, composite thin films.
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Herein, we propose a plasmonic photoelectrochemical mechanism for the vis-light
absorbance by Ag NP/TiO, composite thin films prepared by MPM. This mechanism is
illustrated by three steps in Scheme 8.1I. (1) Due to LSPR, electrons from Ag NPs are
promoted to higher states in the band. (2) These electrons are then injected into the
conduction band of TiO, if they have sufficient energy [25]. (3) The photoexcited
electrons then travel faster through the electrolyte to counter electrode, producing a
cathodic photocurrent. Depending on the redox potential difference between the
composite thin films and counter electrode, if the potential originating at the counter
electrode is high enough to drive electrons flowing from the conduction band of TiO, to
the conductive substrate instead of electrons moving into the electrolyte, an anodic

photocurrent can be generated [14, 19, 23, 26].

Photo-excited electrons by LSPR around Ag-NP
in the conductive composite thin films

Na,SO,
electrolyte

———

VB

Anatase

Scheme 8.11 Proposed mechanism model for cathodic photocurrent generated by Ag

NP/TiO, composite thin films.

223 | Page



Although the general conclusions that can be drawn from this proposed mechanism are
entirely consistent with the findings reported earlier [14, 19, 23, 26], Scheme 8.1l shown
here provides a simple explanation as to why the composite thin films exhibit a cathodic

photocurrent. This explanation cannot be currently found in the literature.

8—4 SUMARRY

In short, the photoelectrochemical properties and absorption spectra of Ag NP/TiO;
composite thin films (COMP-Ag,) with various amounts of Ag (10 mol% < n < 80
mol%) in a TiO, matrix were investigated. It was shown that MPM, which results in
excellent miscibility of Ag NP and TiO, precursor solutions, is necessary for fabricating
composite thin films capable of generating a cathodic photocurrent rather than an anodic
one reported in many papers. The metallic property of Ag NPs and their UV-vis
absorption spectra indicate that well-defined and intense absorption bands at
approximately 410 nm, which correspond to their SPR peaks and the wide-range LSPR
band in the visible region, are capable of efficiently sensitizing Ag NP/TiO, composite
thin films. Therefore, the plasmonic property of Ag NPs can facilitate the elucidation of
the mechanism behind the cathodic photocurrent generation from the Ag NP/TiO;
composite thin films. Thus, the excellent vis-light response of the COMP-Agn and the
major factors affecting their photoresponsive nature are discussed from the viewpoints
of a particle-plasmon band of Ag NPs. The absorption spectra reveal that the LSPR of
Ag NPs can enhance the photoresponse of CONP-Agn electrodes in the vis-region.
Moreover, the high electrical conductivity of the COMP-Agn is important for affording
a photoresponsive activity by enhancing the high separation efficiency of charge

carriers.
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CHAPTER 9: PHOTOCATALYTIC ACTIVITY OF VIS-RESPONSIVE

Ag-NANOPARTICLES/TiO, COMPOSITE THIN FILMS.
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9-1 INTRODUCTION

Metal oxide photocatalytic degradation of organic pollutants has attracted significant
attention by researchers because of its usefulness in tackling environmental
contaminants [1]. Whereas titanium dioxide as a metal oxide seems to be one of the
most promising semiconductors for many photocatalytic applications due to its low cost,
chemical stability and non-toxicity. Its utilization remains typically confined to UV
light because of its wide band gap (3.2 eV for anatase and 3.0 eV for rutile) [2]. This
limits the efficient utilization of solar energy for TiO, because TiO, cannot efficiently
utilize solar light since UV light accounts for only 4-6% of solar radiation. Therefore,
many attempts have been undertaken in recent decades to shift the threshold of the
photo-response of TiO; into the visible region, which would enhance its potential for
chemical solar energy conversion and open possibilities for further applications [3—6].
One of the alternative approaches for achieving the threshold of the photo-response of
TiO; into the visible region is to make a composite semiconductor by modifying TiO,
with noble metals. These noble metals act separately or simultaneously depending on
the photoreaction conditions, experimental methods used and they may (i) enhance the
electron-hole separation by acting as electron traps [7—10], (ii) extend the light
absorption into the visible range and enhance surface electron excitation by size- and
shape-dependent plasmon resonances excited by visible light [6, 11-13] and/or (iii)
modify the surface properties of TiO,[14, 15]. The early methods [16—18], to produce
noble-metal nanoparticles are still used today [19—21] and continue to be the standard
by which other synthesis methods are compared. In particular, silver as a noble metal
has attracted considerable attention, as a result of its remarkable role in the
improvement of the photo-activity of semiconductors [8, 12, 22]. They could be reused,
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and handled more easily and economically if impregnated on substrates. Therefore,
many researchers have focused on modifying TiO, with Ag by synthesis Ag/TiO,

heterostructures [6—13, 22, 23].

Although the synthesis of Ag/TiO, heterostructures was intensively reported in large
quantities [6—13, 22, 23], there are few reports about Ag/TiO, composite thin films with
amounts of Ag > 18 mol%, prepared by chemical methods such as sol-gel, so far in the
literatures. It is well reported that incorporating larger amount of Ag particles was
limited by the sol-gel dip-coating method of up to 18 mol% due to Ag particles
coalescing with each other into huge particles during sintering [24]. Moreover, Ag/TiO,
electrodes were short-lived because Ag NPs on TiO, are easily oxidized and dissolved
in an electrolytic solution under vis-light irradiation [25, 26]. Ag NPs must be coated
with a SiO; shell or Al,O; mask to prevent foremost their oxidation by TiO, [25, 26].
By incorporating silver ions and Cu ions into clay minerals/TiO, mixtures with different
ratio, it obtained composites capable of degrading ethanol in the visible wavelength
range about twice as fast as the reference photocatalyst type P25 [27, 28]. Using
molecular precursor method (MPM), a coating precursor solution can be prepared by a
reaction of Ti(O'Pr), with ethylenediamine-N,N,N’,N'-tetraacetic acid (EDTA) under the
presence of dibutylamine and hydrogen peroxide [29, 30]. Consecutively, the Ag acetate
ethanol solution can be easily prepared, simply by dissolving the silver salt in ethanol.
The two precursor solutions can be then mixed at different molar concentration to form
a composite solution. By spin coating the composite precursor solution on quartz glass
substrates, the potential of producing metallic Ag-nanoparticles/titania (Ag NP/TiO,)
composite thin films with various and unprecedentedly high Ag particles, up to 80
mol% of Ag homogeneously distributed in a titania matrix can be fabricated by heat
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treated at 600 °C as reported in previous chapters where, | concluded that the MPM
offers excellent miscibility of the silver and titania precursor solutions, and is effective
for overcoming the limitations in miscibility of the conventional sol-gel method and is

necessary for fabricating Ag/TiO, composite thin films with amounts of Ag < 80 mol%.

In this chapter, | am reporting the photocatalytic activity of Ag-NP/TiO, composite thin
films with various amounts of Ag (10< Ag mol% < 80) in titania and compare them
with pure TiO, thin film, both fabricated by the MPM. The relationship between the
unprecedentedly high amounts of metallic silver in TiO, and photocatalytic decoloration
rate of methylene blue was examined. Homogeneous distribution and growth of Ag-NP
in the composite thin films were clarified by the FE-SEM and TEM observations. The
absorption spectra of Ag-NP/TiO, composite thin films were analyzed by using
Kubelk-Munk equation for diffuse reflectance spectra (DRS), in order to study the
plasmonic effect of Ag-nanoparticles (Ag NP) in dielectric TiO, matrix. The findings
demonstrated that a positive relationship exists between Ag NP surface plasmon
absorption and the rate enhancements of decoloration and prove the hypothesis that the

metallic plasmonic enhances rates of photocatalytic reactions [20].

9-2 EXPERIMENTAL

9-2.1 Materials

All the materials employed in this chapter are tabulated in Chapter 3, Table 3.1.

9-2.2 Preparation of Coating Precursor Solutions, Sti, Sag, Scomposite @and the

fabrication of Ag-NP/TiO, composite thin films
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The precursor solution St contains a Ti** complex of EDTA and the ethanol solution of
Ag-nanoparticle, Spaq for fabrication of Ag-nanoparticles titania thin film was prepared
in accordance with the molecular precursor method (MPM) reported in chapter 4, 5 and
7. The Scomposite, With different compositions, was achieved by mixing a certain amount
of Sag With Sti. Then, the Scomposite Was sonicated with stirring for 5 min to increase the
homogeneity. Ag-NP/TiO, composite thin films were deposited by spin coating of the
Scomposite ONtO the substrates with a double step mode: first at 500 rpm for 5 s and then at
2000 rpm for 30 s in all the cases. Thin films were fabricated by heat-treatment at

600 °C for 0.5 h to remove residual organic compounds.
9-2.3. Characterization of Ag-NP/TiO, Composite Thin Films

A Phi Quantum 2000 Scanning ESCA Microprobe (Shimadzu, Tokyo, Japan) with a
focused monochromatic Al-Ko X-ray (1486.6 eV) source was employed in order to
evaluate the elemental states and quantities—Ti, O, C and Ag—in the thin films. No
critical surface charging during the XPS measurements was observed; thereby, no
correction of binding energy was performed. The depth profiles were obtained with the
identical instrument. The stepwise etching was performed by bombarding the Ar* ions

with 2 kV for 3 min before measuring each layer.

9-2.4. Photocatalytic Measurement of TiO, Thin Film and Various Ag-NP/TiO;

Composite Thin Films

The study of the decoration of methylene blue aqueous solution was done using the
method adapted in our laboratory [31, 32]. Here, the photocatalytic activity of pure TiO,

and composite thin films was estimated by measuring the decoloration rate of
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methylene blue (0.01 mM) in an aqueous solution (10 mL) containing 20 x 20 mm? thin
film photocatalyst. Various Ag-NP/TiO, composite thin films with different Ag molar
concentration or pure TiO; thin film was used as the photocatalyst. The photocatalysts
were immersed in the 0.02 mM MB aqueous solutions overnight in the dark to allow

equilibrate adsorption on the film surfaces.

For UV measurements, the suspension was irradiated using a black light, National
FL10BL-B, which emits UV light. The distances of the black light sources from sample
surfaces were adjusted to maintain UV intensities at 365 nm of 1.2 mW cm 2 which was
measured by an UV meter, UVR-400, luchi Co., Ltd. (Tokyo, Japan). Vis-light was
obtained from a fluorescent light, Duro-Test Vita-Lite, by removing light of
wavelengths shorter than 400 nm using a cut-off filter, Ishihara Window Paint. The
vis-light intensity after removing UV components from the fluorescent light, which was
estimated by an illuminometer, LX-105, CUSTOM Cao., Ltd. (Tokyo, Japan) was 0.8 m
W cm2 In order to examine the degree of adsorption on the glass substrate and
self-decomposition of MB, same measurement was performed on the same samples

without irradiation (dark) as a reference.

The MB concentration was determined by measuring the absorption spectra of the
aqueous solution with the U-2800 spectrophotometer. For the decoloration test, ca. 3
mL of the 0.01 mM MB aqueous solution was transferred into a quartz cell of
dimensions 1 W x 1 L x 4.5 H cm® at 20-min intervals. After spectral measurement in
the range of 600-700 nm, the solution was immediately returned to the vessel and
mixed with the aliquot. The mixed solution continued to be used until the test for each

film was completed. The mixed solution was further used until the test for each film
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was done again after 18 h. The absorption peak value at 664 nm were used in order to

determine the concentration of MB after t minutes, C(t), using Equation 9.1:

abs(t)
abs(0)

C(t) = 10 X (9.1)

where Abs(0) and Abs(t) represent the absorption values of the solution just before the

light irradiation and after t minutes during irradiation, respectively.

The decoloration rate of MB was examined three times for each film, and the initial
decoloration rate (k) values of concentration after t minutes of 0.01 uM MB aqueous
solution by photoreaction with each potential photocatalytic thin film and a blank were
measured by an approximate line for the function of C(t) versus t obtained in the range
from 0 <t < 180 min by a least-square method. The index of photocatalytic activity
(IPCA) of the film was estimated from the averaged value of k, using equation 9.2

adapted from [31, 33].

k
IPCA = 103 x % = nM min~? (9.2)

where k, indicates each initial decoloration rate obtained thrice (n = a, b, ¢),

independently, thus determined by a standardized method.
9-3 RESULTS

The TiO; thin film and eight Ag-NP/Ti0, composite thin films (COMP-Agn; n = 10, 20,
30, 40, 50, 60, 70, and 80) were fabricated. The XRD, TEM, SEM, absorption spectra
and electrical conductivity results of these Ag-NP/TiO, composite thin films are

presented in the previous chapters.
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9-3.1. Chemical Characterization of Thin Films by XPS

The depth profile for COMP-Ag40, 50 and 70 were scanned as shown in Figure 9.1;

including the spectra obtained after performing Gaussian curve-fitting.
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Fig. 9.1 High resolution regional (a) Ag3d; (b) Ti 2p and (c) O 1s XPS spectra. The thin
solid lines indicate the original data of XPS. The dashed curves show theoretically fitted

curves by assuming Gaussian distribution.
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The Ag 3d peaks (Figure 9.1a) for all thin films are located at 368.0 eV (3ds;;) and
374.0 eV (3d32), with a spin-orbit splitting of 6.0 eV. This is attributed to metallic Ag
[34], consistent with the XRD result reported previously [29]. By increasing the amount
of Ag in the composite thin films, the Ag 3d peak shifts slightly to a lower binding

energy position by only 0.1 eV (within experimental uncertainty).

The Ti 2ps/, and 2py/, peaks (Figure 9.1b) are found at 458.1 and 463.5 eV, respectively,
attributed to Ti*" for pure crystalline TiO, [34, 35]. The peak position shows no critical
change compared to that of pure TiO,. This indicates that there is no significant
interfacial interaction between Ag and TiO,. The O 1s peaks (Figure 9.1c) found at
531.0 eV is due to O® of TiO, [34, 36]. The Ti 2p and O 1s peaks are reduced in
intensity. The O:Ti ratio obtained from XPS for TiO,, COMP-Agn (n =40, 50 and 70)
are 2.003, 1.997, 2.007 and 2.130, respectively. Further, any peak around 457.4 eV

attributable to the Ti** ion could not be observed [36].

9-3.2. Optical Properties of TiO, Thin Film, Ag-NPs and Ag-NP/TiO, Composite

Thin Films

Figure 9.2 represents the UV-vis absorption spectra for TiO, and Ag NP extracted from
the absorption spectra reported in Chapter 7. The TiO, thin film showed a low-intensity
absorption band in the vis-region; however, its absorption intensity increased steeply at
shorter wavelengths with the band edge at around 355. In contrast, the Ag NP film
showed a weak and broad absorption band at around 410 nm. The absorption band in
this region corresponds to the characteristic SPR of Ag NPs. This absorption band was
also observed for the COMP-Agn thin films reported in Chapter 8, though the peak

position in this region gradually increased in intensity upon increasing the Ag content.
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Fig. 9.2. UV-vis absorption spectra for TiO, thin film and Ag NP fabricated on quartz

glass.

The DRS of the composite thin films are presented in Figure 9.3 (a—g). The DRS

measured in the range of 200-800 nm were converted to the absorbance spectra using

Kubelka-Munk equation (Equations 9.3 and 9.4) [37, 38].

_ 2
F(Rox (1) = 4= Re)” > RR°°) (9.3)
R, = — (9.4)

o RTiOZ .

Where R is the reflectance recorded and Rrio, is the reference recorded for a reference
(titania in this case). The Origin9 software (OriginLaB Co., Northampton, MA, USA)
was used to obtained individual Gaussian peaks, which are theoretically fitted peaks by

assuming Gaussian distribution.
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The peak positions and peak areas obtained by analysis with curve-fitting procedure are
listed in Table 10.2. All the composites show two main peaks, labeled peak 2 and 3.
Peak 2, which is at 365 nm on average, may represent a typical semiconductor optical
absorption since the lambda maximum of pure TiO, is at around 365 nm, corresponding

to a band gap of around 3.4 eV.
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Fig. 9.3 UV-Vis diffuse reflectance spectra (DRS) of Ag-NP/TiO, composite thin films
at various amounts of Ag molar concentrations: (a) 10; (b) 20; (c) 30; (d) 40; (e) 50; (f)

60; (g) 70 and (h) 80, respectively.
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As shown in Figure 9.2, the band edge of TiO; is around 365 nm and according to
absorption spectra in chapter 7 and the band gap calculation done in chapter 8, there was
no band gap shift observed for TiO; in all the composite thin films; therefore, we assign
peak 2 in all the composites to be related to the TiO, absorption spectrum. Peak 3,
which is located at around 390 nm, can be regarded as the main Gaussian peak since it

has the largest peak area ratio per volume compared to the other peaks.

Table 9.1. The DRS peak positions and peak area ratios of Ag-NP/TiO, composite thin
films. These data were obtained by Gaussian curve-fitting using ORIGIN9 software

(OriginLaB Co., Northampton, USA).

Notation Peak position (. nm) Peak area ratio (%0)
1 2 3 4 5 6 1 2 3 4 5 6

COMP-Ag10 340 386 400 492 520 - 1 49 46 2 2
COMP-Ag20 - 365 390 - 584 640 - 4 31 - 10 15
COMP-Ag30 - 351 385 559 598 655 @ - 35 35 5 13 12
COMP-Ag40 - 359 390 560 600 - - 15 30 9 46 -
COMP-Ag50 310 354 379 603 649 710 2 29 46 4 9 10
COMP-Ag60 336 361 383 - - - 4 15 4 -
COMP-Ag70 329 360 386 510 - - 41 5 43 11 - -
COMP-Ag80 312 364 417 - - - 53 39 8 - - -

Although the average lambda maximum peak position for peak 3 is at 390 nm, as shown
in Figure 9.3 a—h, more than one-third of its area is covering the visible region >400 nm.
In addition, peak 1 is also exhibited in COMP-Ag10 as well as in the middle- and
high-Ag-level composite thin films. Moreover, with exception to COMPAQ6O,
overlapped Gaussians peaks with smaller peak areas than those of peak 2 and 3 are
appearing in the visible light regions. These peaks 4, 5 and 6 have lambda maximum at

around 500 nm, 600 nm and 550 nm, respectively.

9-3.3. Photo-Responsive Activity of Ag-NP/TiO, Composite Thin Films
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The photocatalytic activity of MB decoloration was investigated quantitatively by
monitoring the changes between the initial MB absorption spectra and the final MB
absorption spectra intensity positions, as well as qualitatively by determining the
decoloration rate of MB (nM min ™). The absorption spectra of decoloration of 1 x 1072
mM of MB aqueous solution tested under dark, UV light and vis-light irradiation for 18
h are shown in Figure 10.4a—c, respectively, by employing the pure TiO, thin film, pure

Ag NP, COMP-Agn thin films, where 10 < n < 80 and the blank.
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Fig. 9.4 Absorption spectra of decomposition of 0.001 mmol of MB aqueous solution in
the presence of different Ag-NP/TiO, thin films after kept under (a) dark; (b) UV and

(c) vis-light irradiation for 18 h.

Under dark (Figure 9.4a), the MB absorption spectra change for pure TiO,, pure Ag
(Ag100) and COMP-Ag10 are at the identical intensity position to that of the blank.
This illustrated that there was no catalytic activity taking place in these two samples
under dark condition. The absorption spectra for COMP-Ag20, 30 and 40 show small
changes compared to those of COMP-Ag50, 60 and 70.

COMP-Ag80’s absorption spectral change is smaller than those of COMP-Ag 50, 60

and 70 composite thin films but larger than for low-Ag-level composite thin films. The
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influence of the amount of the Ag in titatia on self-decoloration of MB could be thus

evaluated.

In Figure 9.4b, the absorption spectral changes is getting smaller with the increase in the
Ag amount in COMP-Agn; whereby COMP-Ag80 and pure Ag NP (high-Ag-level)
show the smallest changes and TiO, shows the biggest change under UV-light
irradiation. The pure Ag NP exhibited a very poor photocatalytic activity under UV and
dark almost equal to that of the blank, which reflected that Ag did not act as catalytic on
itself. Almost 100% decoloration of MB solution has been attained when UV-light was

irradiated for 18 hours on pure TiO;and on low-Ag-level composite thin films.

Middle-Ag-level shows the moderated change between the initial MB absorption
spectra and the final MB absorption spectra intensity positions. In Figure 9.4c, the
absorption spectral change was larger with an increase in the amount of Ag in
COMP-Agn thin film under visible-light irradiation. Pure TiO, shows the smallest
change, while COMP-Ag70 shows the largest change. K6rosi et al., [5] showed that the
rate of photooxidation of organic compounds was significantly enhanced by

silver-modification of titania.

In order to obtain qualitative data, an index of photocatalytic activity (IPCA, nM min™?)
of decoloration rate of 1 x 102 mM MB solution permitted us to directly compare the
performance of pure TiO, and composite thin films under light irradiation to the dark
condition. Each experimental set was repeated three times. The results were reproduced
within narrow limits and the mean value was selected. The IPCA values extracted from
a decoloration rate of 1 x 102 mM MB solution by photoreaction with each thin film

and a blank are shown in Table 9.2.
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Table 9.2. The index of photocatalytic activity (IPCA) of decoloration rate of 1.0 x 1072

mM MB solution by photoreaction with each thin film and a blank.

Notation IPCA/NM min™*
Vis-light UV-light Dark
Blank 3.2(5) 2.8(6) 4(1)
TiO, 5.1(9) 22(5) 4.5(1)
COMP-Ag10 5.6(6) 23(6) 5.5(4)
COMP-Ag20 4.1(2) 21(2) 4(2)
COMP-Ag30 5.4(8) 20(2) 5.1(3)
COMP-Ag40 7.5(9) 14(1) 7(1)
COMP-Ag50 10(4) 18(3) 6.9(5)
COMP-Ag60 9.4(4) 18(3) 5(1)
COMP-Ag70 13(3) 19(8) 8(1)
COMP-Ag80 9.6(8) 9(4) 8(1)
Pure Ag NP 4.6(5) 3.3(3) 4.2(1)

®The standard deviations are presented in parentheses.

Under UV-light irradiation, none of the composite samples exhibit more photoactivity
than pure TiO,, while all of the composite samples are more photoactive than pure TiO;
under both dark and visible-light irradiation. The different results reveal that the
photoactive enhancement mechanisms under UV and visible-light irradiation are

different.

9-3.4 Influence of Electrical Resistivity on Photocatalytic Decoloration Rate of the

Composite Thin Films

In Figure 9.5, electrical resistivity and dependency of net photocatalytic decoloration
rate (AIPCA) of each thin film as a function of Ag mol% in the Ag-NP/TiO, composite
thin films are presented. The electrical resistivity values are extracted from the Table

5.1 of Chapter 5. The AIPCA value of each thin film is calculated as the difference
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between the IPCA under UV- or vis-light irradiation and the corresponding value

measured for each thin film under dark conditions.
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Fig. 9.5 Electrical resistivity and dependency of net photoreactivity (AIPAC) of each
thin film as a function of Ag mol% in the Ag/TiO, composite thin films. The lines
indicate as follows: open circle, resistivity; close circle AIPAC under UV; filled triangle
AIPAC under Vis. These values (AIPAC) were obtained to measure the differences
between the IPAC of the decomposition of MB aqueous solution under UV and

Vis-light irradiation with those under dark conditions.

The low-Ag-level thin films show electrical resistivity higher than 10° Q cm, the AIPCA
values show a decrease trend under UV-light irradiation, and very lower AIPCA values
slightly increasing under vis-light irradiation with the increase of Ag mol % in the
composites. Middle-Ag-level composite thin films show low electrical resistivity in the
range 10 1-10* Q cm and their AIPCA values increases again toward the two-third
level of the original TiO, AIPCA value under UV-light irradiation. In contrary, the

middle-Ag-level composite under vis-light irradiation shows the vis-response, whose
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level is slightly lower than the decreased UV-sensitivity of the identical thin film
samples. A net photocatalytic activity local maximum appears between 60 and 70 mol%
for vis-sensitivity. The electrical resistivity of high-Ag-level thin films is increasing
from 10 Q cm for COMP-Ag70 to higher than 10° Q cm for COMP-Ag80, hence the
acute decrease of the AIPCA value under both UV- and vis-light irradiation can be

observed between 70 and 80 mol% of the Ag amount
94 DISCUSSION

The photocatalytic activity of the Ag-NP/TiO, composite thin films including those of
unprecedentedly high Ag amounts was quantitatively examined by the decoloration
reaction of MB in an aqueous solution. In Figure 9.5, the dependency of net
photoreactivity (AIPCA) of each thin film as a function of Ag mol% in the Ag NP/TiO,
composite thin films are presented, along with that of electrical resistivity. Each AIPCA
value was calculated as the difference between the IPCA under UV- and vis-light
irradiations and the corresponding value measured for each thin film under dark
conditions (Table 9.1) [31]. The IPCA under dark condition can be representing both
adsorption and self-decoloration of MB [39, 40], and they are dependent on the Ag
amount in the thin films. The IPCA of pure Ag NP is slightly high under visible light
compare to those under UV-light and dark; this could be due to the plasmonic

photocatalyst associated with Ag nanoparticles [41].
9-4.1. Photocatalytic Activity under UV-Light Irradiation

As shown in Figure 9.5, the AIPCA of the composites under UV irradiation has two

points of inflection depending on the Ag amount in the composites. One appears at 40
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mol% as a local minimum and another at 60 mol% as a local maximum. The high
AIPCA values of the composites whose Ag amounts to up to 30 mol% indicates
UV-sensitivity almost identical to anatase thin films [31]. The decreasing tendency of
the activity in this region is due to both the decreases of anatase in TiO; and the TiO;
amount in the composites by increasing the Ag amount in the composites. The
photocatalytic activity of TiO, under UV-light irradiation should be due to the anatase
form of TiO; in the thin films and not to the rutile form [31], because it was indicated
that the photocatalytic activity of these composite thin films is not owing to the oxygen

deficiency by the present XPS analysis (Figure 9.1).

The acute decrease of the activity occurs between 30 and 40 mol% of the Ag amount
which critically corresponds to the percolation threshold of electrical conductivity of the
composites. The AIPCA decrease of the composite thin films due to TiO, components
under UV-light irradiation is thus inevitable by the decrease of anatase with the increase
of Ag NP. This tendency should be accelerated by increasing the Ag amount in the
composites, because the covering of the TiO, surfaces by the deposited Ag particles
occurs significantly even if the Ag NP distribute homogeneously as observed in TEM

and FE-SEM images reported in previous chapters.

It can be therefore accepted that the decrease of the photocatalytic activity by anatase
under UV-irradiation should be consecutive with the increasing amount of Ag NP.
However, the AIPCA value increases again toward the local maximum whose position
deviates slightly from that of the lowest electrically resistivity of the composite thin
films, at 60 mol% of Ag amount in the composite. Consequently, the activity recovery

to a two-third level of the original TiO, may be assisted by the enhanced electrical
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conductivity of the composite. The slight difference between the local-minimum
position of the photocatalytic activity and that of the electrical resistivity suggests that

the anatase amount in the composites is more effective than the electrical resistivity.

9-4.2 Photocatalytic Activity under Vis-Light Irradiation

We have shown in Figure 10.4c that the increase in the amount of Ag in the composite
consistently increased the vis-sensitivity of the composite thin films. This increase in
vis-sensitivity of the composite was not only significant, but relatively large in
magnitude (Figure 9.4). The synergistic effect can be interpreted as the result of the
excellent adsorption capabilities of the Ag NP combined with the advantageous effect of
silver nanoparticles on light absorption in the visible range [27, 28]. While there were
general positive effects on photocatalytic activity with the increase in the amount of Ag
in the composite of up to 70 mol% of Ag amount in the composite, an acute decrease of
the AIPCA value can be observed between 70 and 80 mol% of the Ag amount.
Collectively, these results suggest that the ultimate impact of Ag NP on composite thin
films’ photocatalytic activity may be quite predictable. However, the mechanistic basis
for vis-sensitivity could be difficult to understand and predict without a good deal of
optical absorption spectra [25, 26]. Therefore, the optical absorption of AgNP/TIO,
composite thin films were characterized by UV/vis DRS (Figure 10.3) in order to study
the apparition of different resonant absorption peaks caused by the difference in

amounts of Ag in the composite.

9-4.2.1. Contribution of SPR and LSPR in Photocatalytic Activity under Vis-Light

Irradiation
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In Figure 9.3, when the composite has less than or equal to 70 Ag mol% it is possible to
appreciate only a DRS peak 3 (black dotted line). This first well-defined DRS peak was
found centered at around ca. 390 nm (peak 3), and it is attributed to the natural optical
resonance of spherical Ag NP [11, 13]. Although this peak is centered around 390 nm,
about one-third of its area in all the composite thin films belongs to visible light region
(>400 nm). The lamp used to study the decoloration of MB aqueous solution employed
in this study doe emit 0.8 mWcm 2 at a wide range of 400 nm-800 nm, which is
sufficient to stimulate visible light photocatalytic activity even for the area that cover by
the SPR peak 3. All the composites exhibit this SPR peak 3, and are therefore reflecting
their capability to respond to visible light. Whereby, peak 3 takes the potential
advantage of being present in the same visible spectra widow of the natural optical SPR

of spherical Ag NP.

In addition, all the composite thin films showed a typical semiconductor optical
absorption band with a lambda maximum peak at around ca. 365 nm (peak 2), which
corresponded to the band gap of pure TiO, and that is only responsible for
UV-sensitivity [31] and hence not important for vis-sensitivity. Titanium dioxide
displays photocatalytic behavior under UV illumination. However, other DRS peaks
(peak 1, 4, 5 and 6) are assignable to localized surface plasmon resonance (LSPR).
Size-shape-dependent LSPR occur when metallic Ag NP with a different size, shape
and separation distance are irradiated by light, whereby large oscillating electric fields
are produced between the metal nanoparticles [Yu et al., 2009]. Therefore, these
plasmonic properties of the Ag NP/TiO, composite thin films can help us in elucidating
the mechanism behind photocurrent generation by Ag NP/TiO, composite thin films.
(1) Due to LSPR, electrons from Ag NPs are promoted to higher states in the band. (2)
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These electrons are then injected into the conduction band of TiO, and defuse to
catalytically active sites at the semiconductor/liguid interface where they drive chemical
transformations [8, 41]. The proposed mechanism is already confirmed by the
experiments of transient photocurrent response we reported in Chapter 8 and supported

by Yu and his group, 2009.

TEM and SEM micrographs we reported in chapter 8 corroborate that the composites
have Ag NPs with different size and shapes. XPS results show that Ag NPs are metallic.
The metallic property of the Ag NP in our composite thin film is consistent with the
XRD we reported in Chapter 6. Usually, Ag/TiO, thin films are short-lived because Ag
NPs on TiO, are easily oxidized under vis-light irradiation; therefore, no plasmonic
photocatalyst was observed unless the Ag core is covered with a silica (SiO2) shell [26]
or masked with an Al,O3 nanomask [25] to prevent oxidation of Ag by direct contact
with TiO,. Molecular precursor method enables plasmonic photocatalysis without

covering the metallic Ag core in the composite.
9-4.2.2. Contribution of Electrical Conductivity on the Photocatalytic Activity

Something to be noted is that the dependency of net photocatalytic decoloration rate
AIPCA of middle-Ag-level composite thin films was significantly higher than that for
low- and high-Ag-level composite thin films (Figure 9.5). It is interesting that the net
photocatalytic decoloration rates of the composite thin films are strongly correlated to
their electrical resistivity rather than to the number of LSPR peaks that appeared in the
visible region. The low-Ag-level thin films show resistivity higher than 10° Q ¢cm and
exhibit the poorest photocatalytic activity under visible light irradiation. These films

could still easily absorb photons to produce photoexcited electrons under vis light due to
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SPR and LSPR DRS peaks in visible light region. However, the movement of these
photoexcited electrons is difficult because of very high electrical resistivity associated
with low-Ag-level composite thin films. Hence, this is leading to an increase in
extinction probability, which is unfavorable to the photoresponsive activity of the thin

film.

On the other hand, the middle-Ag-level thin films show low electrical resistivity in the
range 10 '~107> Q cm and high photocatalytic activity, which gradually increases with
an increase in the amount of Ag NP on the surface of titania. The increase of Ag NP on
the surface of titania may result in a lower electron density of the Ti atoms in the
Ag/TiO, samples. However, it is widely accepted that the Ag NPs in TiO, will benefit
the separation of photogenerated electron-hole pairs due to electrical conductivity, thus

enhancing the photocatalytic activity [8].

The electrical resistivity of the high-Ag-level thin films increases again from 10> Q
cm-10"2 Q cm with an increase in the amount of Ag in titania from 70 mol%-80 mol%,
respectively. At the same time, the photocatalytic activity of the high-Ag-level thin
films has acute decreases with an increase in the amount of Ag from 70 mol%-80 mol%,
respectively. This reveals that the electrical conductivity of Ag-NP/TiO, composite thin
film is important for the higher photocatalytic decoloration rate observed under both
UV and vis-light irradiation. Thus, the electrical conductivity property of the thin film
facilitates the transportation of extra electrons to the conduction band, which in turn are
able to produce more reactive species at the titania surface, blocking electron—hole

recombination which stops the production of radicals at the surface [42].

9-5 SUMMARY
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In this work, the photocatalytic activity of the Ag-NP/TiO, composite thin films
including those of unprecedentedly high Ag amounts (10-80 molar%) was
quantitatively examined by the decoloration reaction of methylene blue (MB) in an
aqueous solution. Different attenuation DRS absorption sharp peaks have been obtained
in the 310 nm—710 nm spectra range. Two of these peaks is inherent to the natural
optical SPR of spherical Ag NP (the peak around 390 nm) and to the typical pure TiO,
optical absorption (the peak around 365 nm), respectively. All the composites exhibit

these two peaks, reflecting the capability to respond to both UV and visible light.

On the other hand, the size- and shape-dependent LSPR peaks appear at different
lambda maximum was also observed. An analysis of DRS spectra of the obtained
composites proved that Ag NP absorb visible light, facilitated by surface plasmon
absorption of the composite thin films. Hence, the findings demonstrated that a positive
relationship exists between Ag NP surface plasmon absorption and the rate
enhancements, and proves the hypothesis that the metallic plasmon enhances rates of

photocatalytic reaction, as enhanced by the electrical conductivity of the thin film.
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CHAPTER 10: CONCLUTION AND RECOMMEDATIONS
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10-1 CONCLUDING REMARKS

The preceding chapters mainly investigated Ag-nanoparticle/titania thin films, with
various volumetric fractions of silver (ag) in a titania matrix, successfully fabricated by
a wet chemical method, the molecular precursor method (MPM). Respective precursor
solutions for Ag nanoparticles and titania were prepared from Ag salt and a titanium
complex and their structural, electrical and photo-responsive properties were clarified.
X-ray diffraction (XRD) patterns, X-ray photoelectron spectroscope (XPS) spectra and
transmission electron microscopy (TEM) images indicated that the Ag-NP/TiO,
composite thin films consist of rutile, anatase and metallic Ag nanoparticles
homogeneously distributed in the titania matrix. This study shows that the molecular
precursor method, which offers excellent miscibility of the silver and titania precursor
solutions is effective for overcoming the limitations in miscibility of the conventional
sol-gel method and is necessary for fabricating composite thin films having a large @agq

value. Regarding the research topics, new discoveries presented in the thesis include:

1. To find the percolation threshold for the electrical resistivity of
Ag-nanoparticle/titania composite thin films, metallic Ag-nanoparticle/titania
composite thin films, with different volumetric fractions of silver (0.26 < gag <
0.68) to titania, were fabricated on a quartz glass substrate at 600°C using the
molecular precursor method. The resistivity of the films was of the order of 10—
2 to 10-5 Q-cm with film thicknesses in the range 100-260 nm. The
percolation threshold was identified at a ¢ag value of 0.30. The lowest
electrical resistivity of 10—5 Q-cm at 25°C was recorded for the composite

with the Ag fraction, @ag, Of 0.55. It could be deduced that the electrical
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resistivity of the thin films formed at 600°C was unaffected by the
anatase/rutile content within the thin film, whereas the shape, size, and
separation distance of the Ag nanoparticles strongly influenced the electrical
resistivity of the Ag-nanoparticle/titania composite thin films.

To study the absorption spectra and photocurrent densities of metallic Ag
nanoparticle/titania (Ag NP/TiO;) composite thin films, COMP-Agn, with
various amounts of Ag (10 mol% < n < 80 mol%) were fabricated on a quartz
glass substrate at 600°C using the molecular precursor method. It was shown
that MPM, which results in excellent miscibility of Ag NP and TiO, precursor
solutions, is necessary for fabricating composite thin films capable of
generating a cathodic photocurrent rather than an anodic one reported in many
papers. The metallic property of Ag NPs and their UV-vis absorption spectra
indicate that well-defined and intense absorption bands at approximately 410
nm, which correspond to their SPR peaks and the wide-range LSPR band in the
visible region, are capable of efficiently sensitizing Ag NP/TiO, composite thin
films. Therefore, the plasmonic property of Ag NPs can facilitate the
elucidation of the mechanism behind the cathodic photocurrent generation from
the Ag NP/TiO;, composite thin films. Thus, the excellent vis-light response of
the COMP-Agn and the major factors affecting their photoresponsive nature
are discussed from the viewpoints of a particle-plasmon band of Ag NPs. The
absorption spectra reveal that the LSPR of Ag NPs can enhance the
photoresponse of CONP-Agn electrodes in the vis-region. Moreover, the high
electrical conductivity of the COMP-Agn is important for affording a

photoresponsive activity by enhancing the high separation efficiency of charge
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10-2

carriers.

The relationship between the unprecedentedly high amounts of metallic silver
in TiIO, and photocatalytic decoloration rate of methylene blue (MB) in an
aqueous solution was also examined. The decoloration rates monitored by the
absorption intensity of the MB solution indicated that the composite thin films
of Ag amount less than 40 mol% are not effective under Vis-irradiation, though
they can work as a photocatalyst under UV-irradiation. Further, the
UV-sensitivity of the composite thin films gradually decreased to almost half
level of that of the TiO, thin film fabricated under the identical conditions,
when the Ag amount increased from 10 to 40 mol%. Contrarily, the composite
thin films of Ag content larger than 50 mol% showed the Vis-responsive
activity, whose level was slightly lower than the decreased UV-sensitivity.
Diffuse reflectance spectra suggested that the Vis-responsive activity of the
composite thin films is due to the localized surface plasmon resonance (LSPR)
and surface plasmon resonance (SPR) of Ag-NP. Hence, the findings
demonstrated that a positive relationship exists between Ag NP surface
plasmon absorption and the rate enhancements, and proves the hypothesis that
the metallic plasmon enhances rates of photocatalytic reaction, as enhanced by

the electrical conductivity of the thin film.

RECOMMENDATIONS

As the most widely investigated metal oxide, TiO, has unique physicochemical

properties, and thus it has a wide range of applications. Based on our research, future

work is suggested in the following area:
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1. Enhancement of the conductivity of semiconductor materials is desirable from a
technological perspective. Moreover, it is well established that the relatively high
resistivity of materials such as metal oxide and polymers, can be reduced by
incorporating metal nanoparticles into their matrix based on the fact that the
electrically conductive particles can be randomly distributed within the matrix to
form a composite. The inclusion of Ag nanoparticles into various materials and
methods may offer unique advantages in terms of electrical characteristics.
Therefore, the reduction of electrical resistivity observed in Chapter 5 and 6 for
titania and zirconia matrix respectively, can be further investigated in other materials
such as silicon oxide thin films and polymers, considering the percolation threshold
found for the electrical resistivity of Ag-NP/TiO, composite thin films.

2. Recently, renewable energies have gained much more attention because of their
dominant advantages comparing with the previously used conventional energies
such as fossil fuels. Conventional energies’ limited resources along with their
relevant environmental pollutions which threaten the public health are the most
important issues regarding with these kinds of energies. The recent crisis happened
here in Japan’s nuclear power plants due to the earthquake in 2011 is just an
example of these threats that usually occur and cause the human beings experience
some terrible tragedies. Currently, a unique photo electrochemical solar cell based
on a TiO, nanoparticle photoelectrode sensitized with a light-harvesting, is on the
verge of commercialization offering an interesting alternative for the existing silicon
based solar cells as well as for the thin film solar cells. However, there is an
essential problem concerning the stability of the device. These types of solar cell

hydrolyzed by the electrolyte, so the equipments do not last longer. Using the
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AQ/TiO, system may provides better possibility for the long-lasting electron
transmission in the electrode for DSSC solar cell and enhances photocurrent in the
cells. Moreover, the study of p-n junction solar cell involved Ag/TiO, composite
thin films is highly that responsive to visible light is highly recommedate. The use
of evacuated tube for water heating system involved Ag/TiO, composite thin film is
under investigation.

3. Pollution is a very serious problem for many countries at present. TiO, have been
investigated to decompose organic compounds by photocatalysis. However, due to
its high reflective index and band gap (3.2 eV), the light can not reach a distance
longer than only the photons in UV region can be absorbed to produce highly active
species, which are the main reactants to decompose the organic compounds.
Incorporation of plasmonic Ag NP in to TiO, can be one of the ways to overcome
these drawbacks. Morover, the study of antibacterial, hydrogen production and

hydrophilics of the composite thin films is encouraged.

As a summary for this chapter, for this research topic, so much is known now about

structures, preparation, and properties; yet, so much is still to be learned.
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