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CHAPTER 1
General Introduction

1.1 Nanomaterials

Nanomaterials are defined scientifically as the materials whose structural
elements, e.g., clusters, crystallites, or molecules, have one of the dimensions in range of
1 to 100 nm. For the past decades, nanomaterials have greatly attracted attention and
developed for interdisciplinary fields, beneficial for nanoscience and nanotechnology.'
The flourishing application of these materials both in academic and industries are due to
their astounding variations in corresponding characteristics. Here, nanomaterials can be
constructed from zero-dimensional (0-D) nanoparticles to three-dimensional (3-D)
hierarchical nanostructures through variety of synthesis approaches. In particular,
nanomaterials with controlled size and shape are important because their electrical,
optical, and magnetic properties depend strongly on their size and shape.? Focusing on
the synthesis approaches, this chapter will highlight and introduce zinc oxide (ZnO)

nanomaterials as one of attractive semiconductor materials.



1.2 ZnO nanomaterials
1.2.1 Introduction

Zinc oxide (ZnO) nanomaterials has attracted many interest due to their well-
known performance in optics and electronics. In fact, synthesis of ZnO nanostructures
has been an active field since the 1960s, which their applications as sensors, transducers,
and catalysts have been studied by many researchers. In the last few decades, the study
of one-dimensional (1D) materials has become a leading edge in science and technology.
The materials size reduction introduced novel electrical, mechanical, chemical and opto-
electrical properties as a result of surface and quantum confinement effects.

Nanowire or nanorod-like structures are the ideal system for studying those effects
in 1D confined object. On the other hand, ZnO is a key technological material. It is a wide
bandgap (3.37 eV) semiconductor that is suitable for short wavelength opto-electronic
applications. In addition, the high exciton binding energy (60 meV) in ZnO crystal can
ensure efficient excitonic emission at room temperature or room temperature ultraviolet
(UV) emission. Futhermore, ZnO is a versatile functional material that its nanosize
morphology can be tuned into nanobelts,> nanocages,® nanocombs,> nanorings,®

nanohelix,”* and nanosprings.®



1.2.2 1-D to 3-D nanostructures

One-dimensional (1-D) metal oxides nanostructures such as nanorods, nanowires,
and nanotubes being ordered to functional network and oriented 3-D periodic arrays are
in high demand. This is due to as many techniques are available to produce metal oxide
1D nanostructures but only a few of them can generate anisotropic 1D nanomaterials
assembled as 3D arrays.

The goal of generating 3D arrays is to develop practical devices such as chemical,

gas, and bio-sensors’ as well as opto-electronic devices, such as lasers, %2

13-16

photodetectors,'*-1¢ optical switches, " 1¢

photovoltaics,'>*! and photo-catalytic cells.

22,23
Besides ZnO, together with TiO», they are by far the most representative 1D nano-
materials produced to date due to their established importance as underlying materials for
catalysis and large bandgap semiconducting properties. Table 1.1 summarizes the

dimensions, synthesis techniques, and type of oriented arrays of 1D nanostructures that

have been produced so far.

Table 1.1 — Oriented 3D arrays consisting of 1D TiO; and ZnO nanostructures.

Material | Morphology Dimension (D*L) Synthetic method Reference
Electrodeposition in
10-40 nm * 2-10 pm ) 24
Nanowire alumina membrane
15 nm * 6 um Alumina membrane 25
TiO,
Photoelectrochemical
Nanorod 40-50 nm * 140 nm ) 26
etching
Nanowire 125-200 nm * 10 pm Sol-gel electrophoresis in 27




polycarbonate membrane

200 nm * 2 pm )
Magnetron sputtering 28
500 nm * 8 pm
15 nm * 30 pm 29
2.5-5 nm inner diameter
20-40 nm outer diameter 30
Alumina membrane
0.3-0.9 pm in length
200 nm outer diameter .
50 um in length o
25-60 nm inner diameter
Anodic oxidation 32
250 nm in length
Nanotube 50-70 nm inner diameter | Electrodeposition in
120 nm outer diameter polymer-coated alumina 33
Several um in length membrane
170-180 nm inner
diameter
200-233 nm outer Alumina membrane 34
diameter
3 pum in length
Nanowire 15-40 nm * 1 pm Molecular beam epitaxy 35
20 nm * 400 nm Pulsed laser deposition 36
Metallorganic vapor-
25 nm * 800 nm ] 37
phase epitaxy
Nanorod 45 nm * 200 nm Chemical vapor 38,39
70 nm * 600 nm deposition -
Epitaxial
85-95 nm * 500 nm . 40
electrodeposition
Zn0O
55nm *2.6 um o
Metal vapor deposition 41
190 nm * 15 pm
Electrodeposition in
90 nm * 1 um ) 42
alumina membrane
Nanowire
150-250 nm * 2 um Electrodeposition 43
100-200 nm Aqueous chemical 4
several um in length growth o
10-200 nm * 2-20 um Vapor-liquid-solid growth 45, 46




20-120 nm * 5-20 pm

15-90 nm * few um 47
200 nm * 50 um 29
150 nm inner diameter Alumina membrane 48
Nanotube 200 nm outer diameter o

60 um in length

1 um inner diameter .
Aqueous chemical
Microtube 1 um outer diameter 49
growth

1 um in length

1.2.3 Crystal structure and polar surfaces of ZnO

ZnO has a hexagonal structure (space group P63mc) with lattice parameters a =
3.25 A and ¢ = 5.12 A. The structure of ZnO can be simply described as a number of
alternating planes composed of tetrahedrally coordinated O* and Zn?" ions, stacked
alternatively along the c-axis. The tetrahedral coordination in ZnO results in non-central
symmetric structure and piezoelectricity. Another important characteristic of ZnO is the
polar surfaces. The most common polar surface is the basal plane. The oppositely charged
ions produce positively charged Zn-(0001) and negatively charged O-( 0001 ) polar

surfaces (Figure 1.1b), resulting in a normal dipole moment and spontaneous polarization
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Figure 1.1 — (a) Wurtzite structure model of ZnO. The tetrahedral coordination of ZnO is shown. (b)
The structure model of ZnO projected along [ 2110 ], displaying the £(0001), £(1011) and +(1011)
polar surfaces [Ref. 50].

along the c-axis. Another polar surface is the {0111} . By projecting the structure along
[2110], as shown in Figure 1.1b, beside the most typical +(0001) polar surfaces that are
terminated with Zn and oxygen, respectively, +(1011) and +(1011) are also polar
surfaces. The {0111} type surfaces are not common for ZnO, but they have been
observed in a nanohelical structure.” The charges on the polar surfaces are ionic charges,
which are non-transferable and non-flowable. Because the interaction energy among the
charges depends on the distribution of the charges, the structure is arranged in such a

configuration to minimize the electrostatic energy. This is the main driving force for

growing the polar surface dominated nanostructures.



1.2.4 ZnO optical properties

The optical properties of ZnO are heavily influenced by the energy band structure
and lattice dynamics. Photoluminescence and cathodoluminescence methods are two
common approaches being utilized to investigate the ZnO optical properties, which is
known driven by excitonic recombinations in the crystal lattice. The obtained excitonic
spectra can be assigned to many defects related spectral features, as well as donor-
acceptor pair (DAP) emission.

A broad defect related peak extending from ~1.9 eV to ~2.8 eV is also a common
feature of ZnO. Known as the green band, the origin of its luminescence is still not well
understood and has in the past been attributed to a variety of different impurities and
defects. In terms of the more fundamental optical properties of ZnO, there have been a
number of comprehensive studies to determine the refractive index and dielectric

constants of this material >~ The measurements were all carried out using spectroscopic

Table 1.2 — Static (€p) and high frequency dielectric constant (Ewo) data for ZnQ.>! 32

Film>2 Bulk>2 Bulk>!
Elc 7.46 7.77
€o
Ellc 8.59 8.91
c Elc 3.7 3.6 3.68
Ellc 3.78 3.66 3.72




ellipsometry. The values determined for the dielectric constants of ZnO area shown in
Table 1.2. The refractive index of wurtzite ZnO is commonly given as n,, = 2.008 and n.
=2.029.>*
1.2.5 ZnO electrical properties

The electrical properties of ZnO are hard to quantify due to large variance of the
quality of samples available. The background carrier concentration varies a lot according
to the quality of the layers but is usually ~10'® cm™. The largest reported n-type doping
is ~10% electrons cm™ and largest reported p-type doping is ~10'° holes cm™. However,
such high levels of p-conductivity are questionable and have not been experimentally
verified.>> The exciton binding energy is 60 meV at 300 K, and is one of the reasons why
ZnO is so attractive for opto-electronic devices applications.
1.2.6 Conventional growth mechanism

ZnO is an amphoteric oxide with an isoelectric point value of about 95.>° In
general, ZnO will crystallize by the hydrolysis of Zn salts in a basic solution that can be
formed using strong or weak alkalis. This process is generally known to occur as
hydrothermal reactions. The common used alkali compound for this reactions are KOH
and NaOH.

Zn?" is known to coordinate in tetrahedral complexes. Depending on the given pH



and temperature,>” Zn*" is able to exist in a series of intermediates, and ZnO can be formed

by the dehydration of these intermediates:>* >
Zn®* +20H~ & Zn(OH), (1.1)
Zn(OH), +20H ~ < [Zn(OH)4]>~ (1.2)
[Zn(OH)4 1%~ <> Zn03~ +2H,0 (1.3)
Zn03~ + H,0 <> ZnO+20H ~ (1.4)

An alkaline solution is essential because normally divalent ions do not hydrolyze
in acidic environments.®>*> As the concentration and temperature of alkaline solution
increase, ZnO solubility also will increase. In this manner, the actual scenario of ZnO
formation is more complicated than as described in equations (1.1)-(1.4). For example,
oxygen molecules have not been considered at all, but in reality, dissolved O:
concentration in the solution plays a significant role for final ZnO crystal.

1.3 Light-assisted ZnO nanostructures fabrication
1.3.1 Effect of light irradiation

As been mentioned in section 1.2.5, ZnO has a direct bandgap of 3.37 eV and
exciton binding energy of 60 meV at room temperature. These properties are useful for
the development of many opto-electronic devices. In particular, ZnO has a very sharp

photoluminescence emission peaks at near band edge energy of 3.37 eV due to the

9



excitonic radiative recombination processes. This is usually achieved by ultraviolet light
illumination on ZnO, where pair of free electrons and holes are created. The 60 meV
exciton binding energy gives the stability against thermal dissociation of exciton (26
meV) at room temperature.

This means that there is a significant advantage to operate excitonic light action
at room temperature. To further lower this threshold energy than 60 meV, fabrication of
nanoscale size of ZnO is essential. Then, quantum size effects will give rise to substantial
density of states at the band edges and enhance radiative recombination due to carrier
concentration. Another particular photoluminescence emission of ZnO can be observed
through broad peak at visible light region, where yellow emission at 600 nm highest peak
is usually related to defect in ZnO crystal lattice. Evaluation of ZnO nanostructure
formation through those two perspectives will be discussed in the next section.

1.3.2 Mechanism

It is known that ZnO nanostructures grown by the solution method present a large
number of defects, i.e., oxygen vacancies, oxygen interstitials, Zn vacancies, and Zn
interstitials.®>%> In the case of broad yellow photoluminescence spectrum, the emission is

66-68

attributed to oxygen vacancies.” > Formation of Zn(OH), in equation (1.1) gives the

oxygen vacancy state. Conventional hydrothermal reactions principal explain that

10



Zn(OH), dehydrate to form ZnO and finally reduce the oxygen vacancy. In the case of
light-assisted formation, when ultraviolet light interacts with Zn(OH)., it causes
promotion of electron from ground state to a high-energy state. Zn(OH), further
dissociates into Zn** and OH" ions by UV-assisted thermal decomposition to form ZnO
and water (equation 1.5).%

Zn** +20H~ — ZnO+ H,0 (1.5)

Then, H2O in equation (1.5) will dissociate again and adsorbed onto oxygen
bridging vacancies to form [Zn(OH),]* and ZnO3 . Finally, reduction of water
molecules will reduce the concentration of oxygen defects. Oxygen defects act as non-

% The lower the concentration

radiative center to suppress the band-edge emission of ZnO.
of oxygen defects, the better enhancement of ZnO band edge emission.
1.4 Problem

Now we have grasped the understanding in ZnO formation mechanism through
hydrothermal reactions and light irradiation scenario. Both conclude that alkaline solution
is essential for ZnO formation and lattice defects are responsible for ZnO opto-electrical
properties. However, there is no framework that has been dedicated to study the ZnO

formation starting from UV irradiation in pure, neutral water. Further, there is no concrete

data showing local crystal lattice defects influencing the changing opto-electrical

11



properties and subsequently the ZnO morphology.

1.5 Objective

Based on the given problems, this thesis will focus on facile fabrication of ZnO

nanocrystallites using UV irradiation in a pure, neutral water. Further, by detection and

study in their local crystal defects, the nanocrystallites formation mechanism and

evaluation of their opto-electrical properties will be explained.

1.6 Dissertation organization

Chapter 1 gives a brief introduction of TiO> and ZnO in their 1-D to 3-D

nanomaterials processing. Here, the fundamental of this thesis is established. The

potential of ZnO nanocrystallites in opto-electronic devices application is discussed.

Conventional formation mechanism regards crystals defect in alkaline solution

influencing the morphology change of ZnO nanocrystallites. The issue is no framework

have been dedicated to study local crystal defects occurred by light irradiation in pure,

neutral water. Thus, the objective of the thesis is to implement light irradiation effect to

ZnO nanocrystallites formation and study their opto-electrical properties.

Chapter 2 introduces submerged liquid plasma as a facile method to fabricate

crystal seeds (nanobumps), which are the localized oxide nanoparticles on a metal plate

surface. The target material is set as cathode, while a platinum wire bended into mesh is

12



set as anode. There are two types of plasma discharge: glow-discharge and arc-discharge.

The initiation control of both is essential in order to get the nanobumps surface and

preventing the electrode from getting burned. A typical voltage and current ranges during

glow-discharge on a Zn plate is 130 — 140 V and 1.9 — 2.0 A, respectively. Nanobumps

are the nanosized metal oxide (ZnO) particles. Their transformation in construction of

nanocrystallites later is a proof that we could take advantage of their modified band

energy structure. This is highlighted in photochemical reactions when we implemented

an ultraviolet (UV, A = 365 nm) irradiation on the nanobumps.

Chapter 3 introduces the production of ZnO nanorods forming into nanoflowers

and dendrites by using submerged photosynthesis (SPSC) technique. Other than ZnO,

SPSC technique also can be utilized to fabricate CuO nanoflowers, CeO> dendrites, and

WOs3 nanorods. In particular, the ZnO nanorods are shown to grow at the protruded

surfaces (nanobumps) when illuminated by ultraviolet (UV, A = 365 nm) in pure, neutral

water. The process is photocatalytic, with hydroxyl radical via water splitting and

hydrogen gas were detected. Ab initio calculation was conducted to verify high electron

density at nanobumps surfaces. This is essential to enable water splitting occurrence at

low dissociation energy.

Chapter 4 highlights the apical characteristic control on ZnO nanorods, which

13



evolves from tapered to capped shape after continuous 72h UV irradiation. Then, the

capped shape will reconstruct again into tapered shape after UV re-irradiation in fresh

ultrapure water. In this morphology control, crystal defects change in ZnO nanorods need

to be investigated. They are key factors for indirect, interband transitions of ZnO opto-

electronic devices in visible light range. Taking their high energy and spatial resolution,

using photoluminescence analysis and valance electron energy-loss spectroscopy in

scanning transmission electron microscopy (STEM-VEELS), oxygen vacancy point

defects are detected on the tip-edge of a tapered nanorod. They serve as an opto-electrical

hotspot for the light-driven formation and tunability of the opto-electrical properties. A

double increase of electron energy absorption on near band edge energy of ZnO was

observed near the tip-edge of tapered nanorod.

Chapter 5 concludes with lessons learned in this thesis. Additional future work is

presented: nanorods patterning, optical properties study by cathodoluminescence, and

antimicrobial effects by CuO nanoflowers. While advances in this thesis have opened new

perspective of transition metal oxide crystallites fabrication using SPSC, there is still

much more to learn in these fields.

14
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CHAPTER 2
Submerged liquid plasma and metal oxides surfaces
2.1 Submerged liquid plasma
2.1.1 Mechanism of submerged liquid plasma

Plasma creation is generated when ionization of molecules or atoms in gas takes
place when heat energy is applied externally or through collisions.'** A submerged liquid
plasma is a plasma evolution in a liquid/gas dual phase while electrolysis process takes
place.”” If high voltage (>100V) is applied, spark of light ignited on the surface of the
electrode. Figure 2.1 shows current-voltage curve of Ni during plasma electrolysis. It is
defined regions 4 and 5 as the plasma regions’: (1) conventional region, (2) breakdown
point, (3) transitional region, (4) partial plasma region, and (5) full plasma region. In
general, a medium structure of electrons population is indispensable to sustain the
discharge.

Type of discharge during the evolution of plasma is classified to two types.&10
glow-discharge and arc-discharge. Arc-discharge is a state when the plasma becomes
highly conductive and a rapid drop in voltage with increasing current occurs. This mode
is widely used in welding, cutting, and plasma spraying. On the other hand, glow-

discharge produces a volume of stable plasma.ll High voltage promotes reactions of

20



energetic electrons. Collision of energetic electrons with neutrals can cause ionization and

collisions with less energetic electrons can produce electrically excited species. Some will

emit energy photons as visible light when they decay to their ground state. The

phenomena gave rise to the term “glow discharge”. The emitted light can be used to

perform optical emission spectroscopy, which can identify excited species based on the

wavelength of the emitted light. Figure 2.2 illustrates generation of vapor/gas sheath on

the electrode’s surface during plasma electrolysis.
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Figure 2.1 — V-I curve characteristic of plasma electrolysis.>

At the time the electrode’s surface temperature exceeded the electrolyte boiling

point, sheath of gas layer consist of water vapor and hydrogen gas will form. If the applied

voltage is sufficiently high, ions can be accelerated across the sheath, producing energetic

ions bombardment of the surface and give rise to the occurring of glow-discharge. If the
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cell voltage is low, the electrolyte’s voltage will only encourage electrolysis reaction on
the electrode’s surface where hydrogen gas is generated at the cathode. In this research’s
experiment system, the discharge electrode is not the anode, but cathode, which anode’s
surface is larger than the cathodes to concentrate the voltage drop at the cathode over the
electrolyte interface. When the cell voltage increases gradually, power deposition occurs
in the cathode fall by collisions with hot electrons, making the electrode’s temperature

exceeds the electrolyte’s temperature and finally the vapor/gas layer sheath is formed.
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Figure 2.2 - Illustration of vapor/gas sheath generation of electrode’s surface during plasma

electrolysis.>

At this time, the buildup of hydrogen gas covering the electrode detaches its

contact with the electrolyte whereas current marginally increases. With further increase

of voltage, the gas layer and glow discharge expands to the whole electrode’s area, thereby
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the current drop starts rapidly in region 5. This satisfies the first important condition to

sustain glow-discharge that in atmospheric low voltage, the electrode’s surface is fully

covered by the gas layer and at this time, if the cell voltage is sufficiently high, it satisfies

the second important condition that the emitting of light is confirmed. The origin of

electric currents in the vapor/gas layer comes from the electrons and positive ions

produced during ionization of neutral gas atoms, which move under an external electric

field. Such a field gives the charge carriers a drift velocity so that a uniform current can

persist between the two electrodes. Since the electrons are lighter in mass compared to

the ions, they have much larger kinetic energies and are mainly responsible for ionization

of atoms. Under the electric field, the electrons drift towards the anode (+ electrode) and

the ions drift towards the cathode (- electrode).

Paschen’s law'% 12

explains the initiation of discharge by relating the gas density
with pressure. It functions the breakdown of gas by product of the gas pressure and the
free path of electrons collisions with gas molecule for uniform field, which in this study
attributed to the electrode. In Figure 2.3, more kinetic energy is gained but less collisions
occurs between ions during when the gas density is low, but at high gas density, the

collisions frequency gets higher but less energy is gained. While the electrolyte

temperature is maintained between 70 — 90 °C, vaporized phase pressure will have at least
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1 atm. Even gas breakdown in 1 atm region is challenging, needing to have high voltages.
If the increase of voltage exceeded the breakdown point, the gas density sparsely thickens
and enlarges the accelerating energetic electrons distance. Hence the plasma temperature

and excitation energy increases, releasing photon energy.
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Figure 2.3 - The effect of pressure to the ionization of molecules in gas.

In some case, as micro current pass flow is created between the electrode’s surface
and electrolyte, flashover of white light of arc discharge is extinguished. A low melting
point material will rapidly melt at this stage because of the high volume of current. The
sequence process of arc discharge plasma occurring is shown in Figure 2.4. 1.5 mm
diameter of Ni wire’s glow-discharge started at the tip point and addition of cell voltage

downstream the white spark on the specimen.
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Figure 2.4 — The transition from glow-discharge to arc-discharge. [Ref. 5]

Plasma electrolysis in solids, liquids, gaseous, and plasmas is challenging with
many possible control factors. There is still much to be studied until the best optimal
condition for plasma occurring is found. In particular, the dynamic condition for glow-
discharge to occur relies on the generation of gas sheath on the electrode’s surface which
the electrode’s minimum temperature agreeable to be approximately 100 °C as the
electrolyte’s temperature increase. The cell voltages increment then stabilize and control
the glow-discharge formation.

2.1.2 Factors of plasma glow-discharge motion

Other conditions adhering to glow-discharge is considered in other viewpoints
such as the type and concentration of electrolyte, electrical field, and heat conductivity.
They are related to power deposition and electrolyte’s temperatures, thus can influence
the breakdown point.> ' During plasma electrolysis, there are two inputs to the system:

heat flux from the plasma channel and injection of current. These inputs then give rise to
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the joule heating; the electrode surface is partially melted by the local current
concentration induced by electrothermal instability to result nonlinear equilibrium states.’
Previous analyses of electrothermal instability in noble gas magnetohydrodynamic
(MHD) generators have been concerned with fluctuations occurring in plasma region that
makes the electrical power output is considerably lower than the theoretical prediction.
This then disseminated research to reduce the arc discharge effect to MHD generator’s
electrode such the heat transfer loss due to arc discharge on the electrode’s wall and
boundary layer is studied. Figure 2.5 schematically illustrated the structure of

electrothermal instability.
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Figure 2.5 — Electrothermal instability structure. [Ref. 5]

The current density, joule heating, plasma temperature and conductivity rise

orderly and repetition of this order in very short of time result the current concentration.

If the ignition of discharge is stable at atmospheric pressure, the current concentration on

the whole electrode’s surface is equal. However, due to presence of the surface’s
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microstructure, the electric fields become uneven and also because of the power

deposition stability limit, it is inevitable that fluctuation to exist coinciding voltage and

current. In case of plasma electrolysis, the gas layer buildup is only in approximated

measurement and due to enhanced electric fields, the generation of gas advance to top

direction of the electrode and as the gas pressure and thickness are depending on the flow-

rate and gas-dynamics of flow, distribution of current concentration exist. If one local

point of concentration increases higher than the ambient current concentration, the joule

heating density will increase the same amount of it. Therefore, the current plasma

becomes intense as the temperature increases. Plasma conductivity is considered as

temperature’s coefficient and increases rapidly. The initial point of conductivity is high

which the current flow is very fast, thereby increases the current value and this process

repeat many times.

The current concentration is significantly sustained by the proportional of heat

input from dissipative joule heating and heat scattering. It is well known that when the

ambient temperature is low enough, the occurrence and developing frequency of current

concentration due to electrothermal instability is very high. In case of plasma electrolysis,

even at low applied voltage, the heat acquired due to current concentration is considered

as high. It comes to an agreement here that the development of current concentration
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originated from electrothermal instability is remarkably fast compare to metallic

electrode’s heat conduction and meltdown. Suppose that a nanoparticle can be produced

from one melting spot, the size of that nanoparticles can be measured by the melted

quantity. As current concentration is high at low voltage, diameter size of the nanoparticle

will be bigger. Plasma electrolysis experiment performed can be applied to conductive

electrodes and considerably can construct diverse oxidative surface of metallic materials.

The type of electrolyte is adequately selected to reduce the effect of hydrogen

absorbed to the surface. Due to high heat from plasma, direct thermal decomposition of

water molecules occur and as the activation of plasma phase is in high temperature of

oxidative atmosphere, oxidation reaction of nanoparticles take place while they are

synthesized. Therefore, the type of electrolyte could influence the degree of oxidation. In

specific, without use of solution, created plasma region will be non-oxidative, thus project

a creation of perfect metallic particles. As the type of electrolyte can control the level of

plasma phase electrolysis as well, the current concentration can change too. Finally, the

nanoparticle size distribution can also change. However, the energy properties in current

concentration do not totally depend on plasma condition, but also the conductivity of the

electrode used. In metals’ melting and solidification process, heat transfer’s properties

and surface tension are both very important factors. In the viewpoint of corrosion, the
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electrode’s properties can affect the chemical reaction potential. This idea was clarified
by indifference behavior of Au and Ag particles’ generation and the thermal, electrical,
chemical behaviors are actually very similar.

Here, inhibiting the electrode to be melted by electrolyte must be put into
consideration. In other words, by utilizing the electrolyte at high temperature, to ensure
the electrode’s physical stability in high heat region, choosing a suitable electrolyte is
very important.

2.1.3 Effect of submerged liquid plasma to electrode

The change of plasma motion due to extended discharge time will occur together
with the change of electrode’s surface area. Therefore, even at this time there is much to
study on plasma’s controllability, if it is to achieve small production of high quality
nanoparticle, possible good controllability can be acquired from discharge time
dependency perspective but as long as the electrode’s discharge is not stopped, it
eventually gives merit to constant production of nanoparticles. The dominating factor of

synthesized nanoparticles’ characteristic is the cell voltage. The diameter size of

15

nanoparticles will be smaller by higher cell voltage.>
Therefore, craters will appear on the electrode’s surface during this production of

nanoparticles. The typical voltage-current and electrolyte’s temperature characteristic
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during plasma-discharge on a Zn plate is shown in Figure 2.6. This research focuses on

the plasma treatment that creates nanosized bumpy surface on the electrode. Plasma-

treated electrode is irradiated with ultraviolet (UV) (A = 365 nm) wavelength of light
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Figure 2.6 — V-I curve and electrolyte’s temperature increase on Zn plate.

for certain durations for crystal growing that will be explained in more details in Chapter

3. In the experiment performed, each different material of electrode has a specific range

of cell voltages to ignite plasma enough to construct the bumpy surface. As a contrast, the

glow-discharge state as partial plasma or complete plasma (arc-discharge) and extension

time of the discharge enable the generation of sufficient bumpy surface for following

crystal growing purpose. However, as stated before, the constrains to control plasma has

not been fully understood yet, thereby the production of nanoparticles as well as bumpy

surface is only done by approximate specified measurements. Indeed, investigation for

quantification measurement method is extensively being conducted at this time.
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Plasma electrolysis is known as new method to synthesis nanoparticles with

gas/liquid dual phase interface. If the principal method to control the non-equilibrium

process is achieved, the advantages from each gas phase method and liquid phase method

can be utilized efficiently and directly project a new reaction process.

2.2 Metal oxides surfaces

2.2.1 Introduction

The physics and chemistry of metal oxide surfaces have led many powerful new

techniques for the study of oxides. For decades, oxide surfaces have played a key role in

corrosion protection, catalysis, sensors, fuel cells, ceramics, etc. Over the last few years,

totally new devices and technologies that rely on the properties of oxide surfaces and

interfaces have emerged. This section highlights a few of which one should think about

the properties of metal oxides.

2.2.2 Electronic properties of metal oxides

In this research, it is necessary to understand band structure of metal oxides and

band gap energy to apprehend the method of UV irradiation on plasma-treated electrode’s

surface. Valence electrons are responsible for the bonding of atoms. When there are few

atoms, the energy values of electrons in orbits are scattered. However, when the number

of bonded atoms increases, the values become continuous within a certain range, rather
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than being scattered. This range is referred to as “energy band.” The area between two
energy bands, where there is no electron energy, is referred to as “forbidden band.”
Among the bands filled with electrons, the one with the highest energy level (the electron
orbit farthest from the nucleus) is referred to as “valence band” and the band outside of
this is referred to as the “conduction band”. The energy width of the forbidden band
between the valence band and the conduction band is referred to as “bandgap” (Figure

2.7).1

Conduction band

Band gap Forbidden band

Valence band

Electron
Figure 2.7 — Band gap structure.

The bandgap is like a wall that electrons must jump over in order to become free.
The amount of energy required to jump over the wall is referred to as the “bandgap energy.”
Only electrons that jump over the wall and enter the conduction band can move around
freely. In the case of silicon, the band gap energy is approximately 1.1 eV, which is equal

to approximately 1100 nm when converted to the wavelength of light. If titanium oxide

(TiOy) is irradiated with light of 388 nm (3.3 eV) or shorter, respectively, valence band
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electrons are able to move up to the conduction band. At the same time, as many positive
holes as the number of electrons that have jumped to the conduction band are created.
2.2.3 Crystal structure

Metal oxides crystal structures consist of metal cations coordinated in various
ways by oxygen ligands.'*"> Most common oxides have their cations octahedrally
coordinated with six O ions, although in different crystal structures the octahedron will
be distorted in different ways. Such structures include rocksalt, rutile, corundum, anatase
and molybdenum trioxide. A few metal oxides have tetrahedrally coordinated cations,
such as the wurtzite structure of ZnO. The spinel and inverse-spinel structures have a
mixture of octahedrally and tetrahedrally coordinated cations. However, the
predominance of octahedral and tetrahedral ligand coordination leads to one of the
common ways of graphically representing metal oxide crystal structures.

Instead of showing the individual ions, the structure is drawn as a collection of
octahedra or tetrahedra, where adjacent polyhedra share common corners, edges or
faces;18 this type of representation is shown in Figure 2.8 for three oxide crystal structures
whose cations are octahedrally coordinated. In the rhenium trioxide structure, all
octahedra share only comers. In rutile, both corner and edge-sharing are present, and

corundum contains a mixture of edge- and face-sharing.
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{a) (b) (c)

Figure 2.8 - Connected polyhedral representation of the bulk crystal structure of (a), rhenium trioxide,

(b), rutile, and (c), corundum. [Ref. 18.]

2.2.4 Electrons transfering on oxide surface

Actual electron transfer does occur in oxidation/reduction, or "redox", reactions.
In this type of reaction, there is a change in the oxidation state of the adsorbate. A simple
example is the chemisorption of an alkali atom, in which it becomes a + ion, transferring
its outer electron to empty electron orbitals of the substrate. It is the large electric dipole
moment created by this charge transfer process that lowers the work function of surfaces
on which alkali atoms are adsorbed by up to several eV. This type of bonding is generally
strong, and it can also be either molecular or dissociative. A unique property of metal
oxides is their ability to also exchange O ions with adsorbates; this property makes them
very useful as partial oxidation catalysts. Such ion transport is a type of redox reaction in
that charge (here in the form of an O ion) is really transferred from the substrate to the

adsorbate. A simple example of a redox reaction with O ion transfer is the oxidation of
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CO:

CO+O0kpipe — COy +2e™ (2.1)

The oxide surface becomes reduced in this process; if this were a step in a catalytic
reaction, some other O-containing species would have to donate an O atom back to the
substrate in order for the reaction to continue. Like the other types of reaction, O-transfer
adsorption can be either molecular or dissociative.

Photocatalytic process defines the new interest in somewhat different aspect of
adsorption and reaction on metal oxides. The interest stems partially from that role that
some transition-metal oxides can play in photochemical reactions in the atmosphere.
Substantial work for photocatalysis reactions using transition-metal oxides: TiO2> have
been reviewed.2>? Its photochemical properties are of interest for several reasons. It
determines the stability of pigmented system, the rate at which pollutants can be degraded
in systems designed to purify air and water, and are the root cause of poorly understood

phenomena such as water photolysis.

35



References

[1] A. Hickling, M. D. Ingram, Glow-discharge electrolysis. Journal of Electroanalytical Chemistry
(1959) 8 (1964) 65-81.

[2] A. Hickling, M. D. Ingram, Contact glow-discharge electrolysis. Transactions of the Faraday Society
60 (1964) 783-793.

[3] A. Hickling, Electrochemical processes in glow discharge at the gas-solution interface. In Modern
aspects of electrochemistry no. 6. (Springer US, 1971), chap. 5, pp. 329-373.

[4] H.H. Kellogg, Anode effect in aqueous electrolysis. Journal of the Electrochemical Society 97 (1950)
133-142.

[5] Y. Toriyabe, S. Watanabe, S. Yatsu, T. Shibayama, T. Mizuno, Controlled formation of metallic
nanoballs during plasma electrolysis. Applied Physics Letters 91 (2007) 041501-041503.

[6] G. Saito, S. Hosokai, M. Tsubota, T. Akiyama, Ripple formation on a nickel electrode during a glow
discharge in a solution. Applied Physics Letters 100 (2012) -.

[71 M. R. M. b. Julaihi, S. Yatsu, M. Jeem, S. Watanabe, Synthesis of stainless steel nanoballs via
submerged glow-discharge plasma and its photocatalytic performance in methylene blue
decomposition. Journal of Experimental Nanoscience (2014) 1-18.

[8] A. Von Engel, lonized gases. (AIP Press, 1994).

[9] S.C. Brown, Basic data of plasma physics. (MIT Press, 1994).

[10] A. Marciniak, Non-uniform heating effects during treatment in a glow discharge. Thin Solid Films 156
(1988) 337-344.

[11] A. Bogaerts, E. Neyts, R. Gijbels, J. van der Mullen, Gas discharge plasmas and their applications.
Spectrochimica Acta Part B: Atomic Spectroscopy 57 (2002) 609-658.

[12] F. Paschen, Ueber die zum funkeniibergang in luft, wasserstoff und kohlensédure bei verschiedenen
drucken erforderliche potentialdifferenz. Annalen der Physik 273 (1889) 69-96.

[13] J. E. Almy, The spark discharge in gases and vapors. Physical Review (Series 1) 24 (1907) 50-59.

[14] G. Saito, T. Akiyama, Nanomaterial synthesis using plasma generation in liquid. Journal of
Nanomaterials 2015 (2015) 21.

[15] G. Saito, Y. Nakasugi, T. Akiyama, Generation of solution plasma over a large electrode surface area.
Journal of Applied Physics 118 (2015) 023303.

[16] S. Amemiya, Titanium-oxide photocatalyst. Three Bond Technical News (2004).

[17] V. E. Henrich, P. A. Cox, The surface science of metal oxides. (Cambridge University Press, 1994).

[18] P. A. Cox, Transition metal oxides: An introduction to their electronic structure and properties.
(Clarendon Press, 1992).

[19] R. J. Lad, Handbook of surface science. (Elsevier, Amsterdam, 1996), vol. 1, pp. 185-228.

[20] A. Fuyjishima, T. N. Rao, D. A. Tryk, Titanium dioxide photocatalysis. Journal of Photochemistry and
Photobiology C: Photochemistry Reviews 1 (2000) 1-21.

36



[21] C. H. Kwon, H. Shin, J. H. Kim, W. S. Choi, K. H. Yoon, Degradation of methylene blue via
photocatalysis of titanium dioxide. Materials Chemistry and Physics 86 (2004) 78-82.
[22] D. Chen, A. K. Ray, Removal of toxic metal ions from wastewater by semiconductor photocatalysis.

Chemical Engineering Science 56 (2001) 1561-1570.

37



CHAPTER 3
A pathway of nanocrystallite fabrication by photo-assisted growth in
pure water

3.1 Brief summary

In this chapter, a new production pathway for a variety of metal oxide
nanocrystallites via submerged illumination in water: submerged photosynthesis of
crystallites (SPSC) is introduced. Similar to the growth of green plants by photosynthesis,
nanocrystallites shaped as nanoflowers and nanorods are hereby shown to grow at the
protruded surfaces via illumination in pure, neutral water. The process is photocatalytic,
accompanied with hydroxyl radical generation via water splitting; hydrogen gas is
generated in some cases, which indicates potential for application in green technologies.
Together with the aid of ab initio calculation, it turns out that the nanobumped surface, as
well as aqueous ambience and illumination are essential for the SPSC method. Therefore,
SPSC is a surfactant-free, low-temperature technique for metal oxide nanocrystallites
fabrication.
3.2 Background

New approaches to manufacturing the nanocrystallites of metallic oxides are

desired due to their emerging applications in a wide range of high-technology
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applications.”® In the case of liquid-solid phase crystallisation studies, the surface
morphology control plays an essential role in influencing the nucleation of
nanocrystallites.” Recent studies have demonstrated the role of surface chemistry and
morphology utilizing various mechanisms gained from polymeric substrates.'”
Achieving those understandings provides a powerful means to widespread reports in
nanocrystallites research.

The interest in this work is in the easy feasible design of nanocrystallites
fabrication beneficial for the nanotechnology and environment. With regard to obtaining
the desired products, a new pathway of production for variety of metal oxides
nanocrystallites via SPSC is introduced. I chose various metals (Zn, W, Cu and Ce) to
demonstrate the effectiveness of the submerged photosynthesis of crystallites (SPSC)
method in obtaining a variety of morphologies of metal oxide nanocrystallites (NCs). The
present report primarily focuses on ZnO nanofabrication due to its promising

IQ

environmental= applications and broad range of modern device applications, including

13 and solar cells.'®

light-emitting diodes,"® photo-detectors,™* gas sensors,
The functions of these semiconductive ZnO (with a wide bandgap of 3.37 eV)

devices are crucially dependent on the nanostructure morphology. Hence, it is important

to tune and stabilise the syntheses parameter for improved performance. To this end, there
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has been a substantial increase in the number of reports on hydrothermally synthesised
ZnO nanostructures,'”> ¥ including lasing and the addition of metal-ion impurity™
techniques. Expanding on these efforts, this study develops a rational and
environmentally benign approach to synthesise a plethora of ZnO nanomorphologies.

I employed the initial metal surface treatment based on the utilisation of the
submerged liquid plasma process.? 2 The reaction of plasma in an aqueous solution

facilitates the synthesis of metal oxide powder.?% 2

Hence, this technique is adopted for
the direct (one-step) synthesis of ZnO “seeds”. The intention is to create a semiconductive
reformed layer with protruding characteristics (nanobumps) on the material. For this
purpose, a raw Zn metallic plate was used as the target material for the formation of
nanobumps. The NC growth was then completed by a “photosynthesis” reaction, where
the irradiation of UV light (typically A = 365 nm and I = 28 mWcm™) on the nanobumps
inside pure water assisted the growth of ZnO NCs.

The SPSC method is different from previous nanofabrication reports,®* 2> in which
a hydrothermal decomposition process using UV-Vis light irradiation directed the
formation of NCs. Instead, it is found that the illumination in ultrapure water induced an

apical growth characteristic via water radiolysis, as will be described later. Furthermore,

I was able to demonstrate working NC fabrication at room temperature (RT) under
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surfactant- and contamination-free conditions by eliminating the need for organometallic
or other organic solution phases. Similar to the growth of green plants via botanical
photosynthesis, SPSC method requires only light, water and nanobumps (crystallite
seeds). Interestingly, the SPSC end products were accompanied by the generation of
hydrogen gas, which gives rise to a potential application of this methodology as a green
technology for energy, chemistry and nanotechnology.
3.3 Materials and Methods
3.3.1 Surface pretreatment

In the submerged liquid plasma experiment devices (Figure 3.1a),the anode was a
¢0.5 x 1 mm platinum wire (Nilaco, Tokyo, Japan) with purity of 99.9% arched into a
hemispherical glass mesh (R =30 mm). The cathode (target material) was a raw metal Zn
plate (Nilaco, Japan, 99.5%), cut into a size of 35 x 5 x 1 mm. A 60 mm? contact area
with a wrapped ¢0.5 mm Cu wire (Nilaco, Japan, 99.9%) on the tip of the Zn plate was
used to prepare the working electrode. A solution of 0.1 mol/l K.CO3; with pH 11.5 was
used as the electrolyte. Deionised water was used as the washing solution. Prior to the
experiments, both of the electrodes were washed with deionised water, and the electrolyte
was preheated to 90 °C. Insulation of the contact area between the Cu wire and Zn plate

was achieved by a @10 mm glass tube, ensuring that the exposed Zn plate length was
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approximately 25 mm. Then, both of the electrodes were immersed in the KoCO3 solution

(300 ml) and separated by distance of 30 mm.

€)] ()

Plasma-treated

Dark chamber electrode

300 ml glass
beaker

Insulator

Electrolyte: K,CO,
(0.1 M), 300 ml Anode
(Pt mesh)
Cathode (metallic plate) UV (A =365 nm) 4 ml ultrapure
Size: 35 (L) x 5 (W) x 1 (T) mm lamp, 100 W water

Figure 3.1 — SPSC experimental setups. (a) Submerged liquid plasma experimental setup. (b)

Submerged UV irradiation experimental setup.

A discharge voltage of 140 V (current: 1.6 - 1.8 A) was applied across the

electrodes using a direct current power supply (KIKUSUI, PWR1600H, Japan). The

synthesis of nanobumps using submerged liquid plasma was conducted for a fixed

reaction time of 10 min, appreciating the simple and time- and cost-efficient technique.

At the end of the plasma reaction, the cathode was collected and washed with deionised

water, and the length was cut to 25 mm. A white film surface, confirmed to constitute of

Zn0, was obtained on the electrode surface. For further experimentation and analysis, the

specimen was allowed to dry at ambient temperature.
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3.3.2 SPSC experiment

In the UV irradiation experiment (Figure 3.1b), the plasma-treated Zn plate was

inserted into a polymethylmethacrylate (PMMA) cuvette, which was then filled with 4

ml of ultrapure water (Wako Pure Chemical, pH 7-7.5, resistivity 18 MQ) and capped.

Prior experiments, the ultrapure water was degassed to remove the dissolved gas. A UV

lamp (UVP, B-100AP, USA) with 100 W longwave UV (A =365 nm, 3.4 eV) was mainly

used for SPSC. Visible light irradiation (A = 500 nm) was employed for Figure 3.12(b)

using spot light source (Hamamatsu LightningCure LC8, L9588, Japan). The irradiance

orientation was set to the horizontal position, and the distance between the specimen and

UV lamp was set to 100 mm. In the typical synthesis of nanocrystallites, the UV

irradiation was performed in a dark chamber for a fixed reaction time (24 h) at room

temperature. Extended UV irradiation times (48 h and 72 h) were also applied to clarify

the NC growth characteristics (Figure 3.2(d), Figure 3.6, and Figure 3.12(d)). At the end

of'the UV irradiation, the specimen was collected, and the ultrapure water pH change was

recorded using a pH meter (Horiba, D-51). For ZnO, the final pH of the water solution

exhibited a typical increase to 8.5 in ambient temperature. The final water temperature

increase was measured to be less than 10 °C.
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3.3.3 Crystallite characterization

The surface morphology and elemental composition analysis of the substrates
were monitored using a field emission scanning electron microscopy (FE-SEM, JEOL,
JSM-7001FA). The chemical properties analysis was performed using X-ray diffraction
(XRD, Rigaku, Tokyo, Japan, RINT2500HLB) with a Cu Ka line of 1.5406 A and a
scanning field of 2.5° < 20 < 100°. Peak fitting was performed in referenced to JCPDS
card 4-0831 and 5-0664. TEM micrographs, SAED patterns and HRTEM micrographs
for the NCs were obtained using a double Cs-corrected-TEM (FEI, Titan cubed) operated
at 300 kV.
3.4 Results and discussion
3.4.1 Surface morphology and crystallite structure

Figure 3.2a presents a scanning electron microscopy (SEM) image of ZnO
nanobumps that were tailored by submerged liquid plasma treatment and depicts the metal
surface having average of two or more protrusions per 10 um?. The protruded surface
exhibits an average diameter of 1 pm or less. The higher-magnified image indicates the
small ZnO seeds homogeneously localised on the protruded surface; these seeds have an
average diameter of approximately 20 nm. Here, a drastic change in the seed clustering

was observed after subsequent UV irradiation in ultrapure water and ambient temperature:
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widely spread ZnO NCs covered the metal substrate. The previously localised seeds grew
outward to form a bunch of nanorods that formed into nanoflowers (dandelion-like),
dendrites (tree-like), and aligned nanorods (lawn grass-like) (Figure 3.2(b-d),

respectively).
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Figure 3.2 - Surface morphology after SPSC on a Zn substrate plate. (a) ZnO nanobumps (plasma 140
V, 10 min, UVp). (b) ZnO nanoflowers (UVa4p). (¢) ZnO dendrites (UVa4n). (d) ZnO nanorods (UV72n).
The right panel images are the respective magnified FE-SEM micrographs. The heterogeneous growth
is due to the local morphology variation via the plasma treatment. Typically, a fine structure of NCs
can be obtained at room temperature after 24 h of UV irradiation. Extended irradiation increased the
size and diameter but terminated the apical growth to yield flat, hexagonal tip ends (at UV

irradiation, as shown in (d) and Figure 3.3).
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Figure 3.3 — Terminated apical growth of ZnO nanoflowers. A continuous 72 h of UV irradiation in

ultrapure water resulted in flat, hexagonal tips of the nanostructures. The right panel is the magnified

FE-SEM image.

The SEM-energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 3.4(a-b))
and X-ray diffraction (XRD) analysis (Figure 3.4b) for the ZnO NCs illustrated that the
NCs were synthesised on a Zn substrate, which contained Zn and O. As evidenced by the
selected area electron diffraction (SAED) pattern and high-resolution transmission
electron micrograph (HRTEM) of a nanorod examined along the [110] axis (Figure 3.4d),
the nanorods were single crystallites (a wurtzite structure). The apical growth direction
was in the c-axis <001>. This result is consistent with previous ZnO crystal growth

reports 2 2627
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Figure 3.4 - Structural characterisation of ZnO NCs. (a) 2-D EDS map of ZnO nanoflowers (UVasp);
the left panel is a secondary electron image of ZnO crystals grown on the Zn substrate, centre: Zn, and
right: O. (b) EDS spectrum and quantitative composition of ZnO. (c) XRD pattern of Zn and ZnO NCs.
(d) TEM micrograph of a ZnO nanorod on a carbon thin film; the left panel is the TEM image (200 x
200 nm) of the ZnO nanorod, and the inset is the SAED pattern obtained along the [110] direction;
the centre and right panels are the HRTEM image (40 nm X 40 nm) and its magnified image after

inversed Fourier transformation, respectively. Figure 3.4d exhibits the apical growth direction of ZnO

in the c-axis.

3.4.2 SPSC mechanism discussion by ab initio calculation

To consider the SPSC mechanism (as illustrated in Figure 3.5a) via dissociation
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of water molecules (H>O) on nanobumped ZnO surfaces, the electron density and bond-
dissociation energy required to alter H>O into OH and H radicals were calculated using

28,29 To clarify the effect of the apical growth of NCs accompanied

ab initio simulations.
by the dissociation of water, the bond-dissociation energy was calculated for the flat
surface (Figure 3.5b) and nanobumped surface (Figure 3.5c¢ for curvature radius, R = 0.5
nm).

The simulation models of a flat surface and a nanobumped surface were
constructed using Materials Studio® atomic simulation software (Accelrys Software Inc.).
The calculations were performed based on density functional theory (DFT).3% 3! The radii
of curvature of the nanobumped surface, shown in Figure 3.5¢ and Figure 3.6(a-b), were
set to 0.5, 1.0, and 2.0 nm, respectively. The grey, red, and white spheres in these figures
represent zinc, oxygen, and hydrogen atoms, respectively.

Initially, two free H>O molecules were placed in positions where strong
interatomic forces were not exerted on each atom. The position of each atom in the
equilibrated state was obtained using a dynamic simulated annealing method.*® #° In this

method, the electronic states can be calculated by solving the quantum mechanical

equation.
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Figure 3.5 - Nanobumped surface effect in the SPSC model and simulation by molecular dynamical
ab initio calculations. (a) A schematic of SPSC with a nanobumped surface. (b) H.O molecules with
a flat surface of ZnO. Water molecules localise at stable places near the flat surface. (¢c) Water molecule
stabilised on the top of a nanobump (radius of curvature, R = 0.5 nm). Electron density isosurfaces of
2.0 electron/A3 (purple coloured) are observed only near the top of a nanobump. The state was relaxed
to a state where a H, molecule is formed by equilibrating the state with the dissociation of H,O

molecules into OH and H.
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Figure 3.6 - Curvature radius dependence of the 1.7 electron/A> electron density isosurfaces for
nanobumped ZnO. (a-b) R = 1.0 and 2.0 nm, respectively. The isosurfaces are indicated by the purple

coloured region. The larger radius of curvature resulted in decreased electron density at the apex.

The high electron density appeared to be localised near the top surface of a
nanobump (Figure 3.5¢). The dissociation energy for each surface was evaluated as the
difference in the total energy of the dissociated state with H and OH and that of the
equilibrated bonded state of H>O. The calculated value for the flat surface was 5.03 eV
without considering the photoexcitation effect, corresponding to the experimentally
measured direct dissociation energy of a water molecule (5.1 eV).22 In contrast, the
dissociation energy for the nanobumped surface model was 0.323 eV when R = 0.5 nm
(subsequently, 0.409 eV for R = 1.0 nm and 0.552 eV for R =2.0 nm).

In the actual experiment for the effect of nanobumps, the reduced dissociation
energy of the water molecules can be larger than 0.323 eV because the radius of curvature
of the nanobumped (or apical) surfaces might be larger than 0.5 nm (e.g., approximately,

5 nm in Figure 3.4d). However, that value was considered to be considerably smaller than
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5.03 eV for the flat surface because the apical radius of the curved surface was still

extremely small (typically approximately 10 nm). Additionally, an illumination, e.g., a

typical UV light (A = 350 nm, 3.54 eV), further enhanced the dissociation of water

molecules on the nanobumped surface because the photon energy was considerably larger

than the dissociation energy for the nanobumped surface (0.323 eV). This energy

difference resulted in the localised SPSC reaction increment via a photo-electron

excitation effect, namely, the enhancement of equation (3.1) for the generation of

additional excited electrons. Therefore, for the dissociated state of water molecules,

which was induced by illumination, followed by an equilibration process, we obtained a

final state, as shown in Figure 3.5¢, in which H> molecule (gaseous) formation was

predicted.

Overall, the local electron density and dissociation energy reduction at the top of

the NC bumps played a key role in the SPSC process.

3.4.3 SPSC mechanism discussion by photochemical reaction

The mechanism for photosynthesised NCs in water via the SPSC process (Figure

3.5a) can, in principle, be described by the following photo-induced reactions:

The mechanism starts with water splitting into ion species in the vicinity of a

semiconductive (SC) surface:
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SC+hv—SC(e” +h™) [via band gap excitation] (3.1

H,O+h*—>OH+H™ [water dissociation] (3.2)

OH +eyq >OH™ [via hydrated electron:e™ —>eg | (3.3)

Hence, the water splits into ions by photoinduction (1) - (3):

H,O+hv >OH +H* [water splitting] (3.4)

The formation of transient species (H, OH, e, ) and other molecular byproducts
(Hz2, H20») (see Figure 3.5¢ for H +H — H, ) can be well understood as water radiolysis
in radiation chemistry.** These reactions occur in short times of less than micro-second-
order. Presumably, assisted by the aforementioned morphology effect, H™ and OH- at
an apical hill in equation (3.3) throughout a protruded surface. Otherwise, H2O will be
immediately reproduced in the reverse of equation (3.4).Such locality-assigned ion
production gives rise to a local pH imbalance: alkaline at the hill and acidic near the valley.
Therefore, one can expect NC growth at a hill in association with hydrothermal reactions
for ZnO generation in an alkaline solution:** %’

Zn** +20H™~ = ZnO+ H,0 [metal oxide growth] (3.5)

The metal may resolve into an ion at the valley:

Zn+Hy0 — Zn>* +20H + H 2e) [metal dissolution] (3.6)

Hence, the net SPSC reaction is completed with
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ZnO+Hy0+hv — ZnO+ H o) 3.7

Similarly to known hydrothermal mechanism, NC growth by equations (3.5) —
(3.6) might be accompanied by aggregation and recrystallisation processes of metal oxide
nanoparticles. Thus, the SPSC is completed with three principles. Firstly, a photo-induced
water splitting process. Secondly, separation of H*and OH- ions due to nanobumps
protruded surface. Finally, aggregation and recrystallisation of metal oxide nanoparticles
(superimposed hydrothermal reactions) result in the nanocrystallites growth.

3.4.4 Photoexcitation and hydrothermal processes

Light, water, and the nanobumps favoured an essential meaning in the photo-
synthesis process of metal oxides crystallites. As been discussed in the previous section,
interfacing a photoexcitation process and hydrothermal (thermal oxidation in water)
concurrently occur in room temperature condition.

In general, hydrothermal reactions in equations (3.5) and (3.6) are known to occur
in alkaline solutions at higher temperatures.'® 2% 2’ Noting this, SPSC process was tested
at two different water temperatures (10 °C and 60 °C) (Figure 3.7) other than room
temperature. Growth rate of NC was accelerated when the UV, irradiation experiment

was brought into elevated temperature (Figure 3.7c). Nonetheless, the overall SPSC

process is to occur assumed in a pure, neutral water environment rather than in acidic or
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alkaline aqueous solutions. And despite this condition, one can observe the pH
dependence or impurity additive influence on the final NC morphology.

Moreover, the photocorrosion effect,** e.g., Zn0+2h+—>Zn2++%Oz, causes
ZnO to redissolve into Zn ions or Zn(OH), or Zn(OH)ﬁ' (equation (3.5)) and
Zn(OH)%' (equation (3.6)). They may suppress the reaction processes and thus reduce
the yield of SPSC in equation (3.7). However, the re-dissolution effect results in the
possibility of ZnO recrystallisation at the initial fine nanocrystallites to regrow into
thicker and wider NCs by re-precipitation, as shown in Figure 3.2(b-d).

The role of light for photoexcitation process is highlighted here, in comparison
aspects of growth rate and growth characteristic with the hydrothermal effect. Although
the obtained result highlighted the variation of temperature effects, UV illumination role

must be concluded for the SPSC; which is the crystallites apical growth characteristic.

The direct comparison in the case of UV and NO UV is presented in Figure 3.8.
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Figure 3.7 - Water temperature effect in ZnO crystallites growth under UV, irradiation. (a) Low-

temperature (~10 °C). (b) Room temperature (~25 °C). (c) High-temperature (~60 °C).
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Figure 3.8 - Crystallites growth under UV and without UV conditions at elevated temperatures. (a) Zn
UVen (Plasma 140 V, 10 min, T = 10 °C). (b) Zn without UV6h (Plasma 140 V, 10 min, T = 10 °C).
(c) Zn UV, (Plasma 140 V, 10 min, T = 60 °C). (d) Zn without UV6; (Plasma 140 V, 10 min, T =
60 °C).
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3.4.5 Nanobumps effect

The formation of crystallites is promoted inside alkaline condition, while the

medium of growth is pure, neutral water. Despite of that, nanobumps encompasses the

required condition in surface structure dependent manner.

1) Smooth surface morphology change on Zn plate

Smooth surface of Zn electrode (after plasma 140 V, 10 min) was tailored by focused ion

beam system (FIB) (JEM-9320FIB). The processed smooth surface morphology images

were recorded by FE-SEM. Then, UV irradiation for 6 hours in ultrapure water of that

specimen was carried out. The result of surface morphology change is displayed in Figure

3.9.

Zn plasma-treated P TS L UV 6hin
FIB polished o i WP L ultrapure water

Figure 3.9 - Smooth surface morphology change on Zn (UVép).

i1) Surface morphology change of nanobumps on Zn
Surface morphology change of nanobumps on the same specimen in (i) was observed.

Images of initial surface morphology also were recorded and 6 hours of UV irradiation
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SEM observation result is shown in Figure 3.10.

Zn plasma-treated ; : s UV 6éhin
nanobumps ; ‘ ultrapure water
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Figure 3.10 - Nanobumps surface morphology change on Zn (UVp).

Comparing the results from (i) and (ii), the nanobumps exhibited stronger texture
of crystalline surface. EDS analysis results indicated the composition as ZnO. Smooth
surface obtained from FIB processing turned out, to result also a crystalline surface after
UV irradiation. This was due to the reduced (oxidized) size of surface by means of the
beam irradiation (source is Gallium) of FIB, indirectly manufactured smaller size of
nanobumps. Nonetheless, diffusion and re-deposition rate in (ii) was much faster, by
simply observing the size of crystallites, and some single clustered nanorods on the

surface.

3.4.6 Hydrogen gas and OH radical detection
The SPSC process characteristically predicts hydrogen gas ( (4 ) and hydroxyl
radicals (OH) as intermediate products (see Figure 3.11). To confirm the model, H; gas

detection was conducted by using gas chromatography (GC) after the SPSC experiment.
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The gas captured after UVi20n of six plasma-treated Zn substrates was used for GC
analysis. The analysis of H, and O> gases was performed using a Shimadzu GC 8-A
(thermal conductivity detector, molecular sieve 13X, N carrier for H», and He carrier for
0O2). For Hz gas detection, 100% H> gas (100 pl) was injected into the GC using a
microsyringe, and the calibration curve was plotted. Then, 100 pl of the captured gas was
injected into the GC, and its concentration was compared with the calibration curve. The
same steps were repeated when recording the O> concentration.

The obtained result gives in the H2/O> ratio of 10. The value is five times more
than two in the case of normal water splitting. Here, H> gas can also be produced by a
typical photocatalytic reaction'? (2H +2e~ — H,), as well as via water radiolysis (with
hydrogen radicals, Figure 3.5¢) and hydrothermal reaction (equation (3.6)).

In the present study, OH radical generation was also investigated (Figure 3.11(a-
d)) by monitoring the bleaching of p-nitrosodimethylaniline (PNDA) as the intensity of
the characteristic absorption peak at A = 440 nm decreased.>> *° During the UV light
irradiation of the plasma-treated Zn plate, 4 ml of PNDA with a concentration of 1.5 mg/I
was used as a scavenger in OH radical detection. Based from estimated O> production in
Figure 3.11e, the greater factor of ~24 from the experiment results can neglect the

dissolved gas effect in generated radicals: photo-induced water splitting governed the OH
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Figure 3.11 - Detection of OH radicals and measurement of gas evolution. (a-b) PNDA peak intensity
decrease at A = 440 nm to observe the effect of UV irradiation. (a) Plasma-treated Zn plate (UV). (b)
Plasma-treated Zn plate (No UV). (c-d) Decomposition trend for PNDA by evaluating the
concentration change at the A = 440 nm peak. (¢) Time dependence of the gas evolution on extended

UV-irradiated, plasma-treated Zn. The gas volume increase slowed down after UV, which is

consistent with the terminated apical growth of a nanorod in Figure 3.2d.

radical production. The absorption spectra before and after UV irradiation were

compared: the concentration of PNDA was measured using a JASCO V-630 UV-Vis

spectrophotometer. Then, the time vs. exponential decay was plotted, and the first-order

reaction rate (k) was calculated.
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These results confirm the photochemical reactions proposed for the SPSC process,

in which H» gas and OH radicals were generated during the photo-assisted growth of ZnO

nanorods.

3.4.7 SPSC tuning

With a slight modification of reactions in equations (3.5) - (3.7), the SPSC method

can also be applied to derive a wide variety of metal oxide NCs (e.g., metals of Cu, Ce,

and W, as shown in Figure 3.12). These modifications revealed the difference in the SPSC

morphology, resulting in various NCs. In this work, submerged liquid plasma technique

is typically employed as an initial surface nanostructure treatment of natively oxidised

NC seeds. Nevertheless, other possible alternative seeding methods can also be applied,

including laser processing, ion irradiation, and tribological, mechanical scratching.

o . S ) ; i mr ol f ’

I T #

Figure 3.12 - Various nanostructures of metallic oxides produced by the SPSC method. (a) CuO
nanoflowers (UV24p). (b) CeO> dendrites (Visaan, A = 500 nm). (c) WO3 nanorods (UVasp).

Such approach has been conducted by using ion irradiation as shown in Figure 3.13.
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Figure 3.13 — ZnO nanorods array (UVaan).

The ZnO (confirmed by EDS analysis) nanorods array were produced via SPSC

method, but the nanobumps were tailored by ion irradiation (source: Ga in FIB system).

The arrays are in parallel-alignment, and the grown ZnO nanorods exhibited average

diameter of ~100 nm. This result gave an insight into oxides surface modification field

for functional surface-applied nanotechnology development purpose.

Other approaches that would contribute into crystallites growth control is the

introduction of specific dopants (Figure 3.14). As alteration of shape and chemical

composition will determine the electrical, optical, etc. properties of the crystallites.24
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Compared solution for UV,,, irradiation to plasma-treated Zn

Ultrapure water Tap water Tap water

Figure 3.14 — Summary of different ions effect in the aqueous solution onto shape change of crystallites

— Zn system (UV24p).

Together with pH sensitivity explanation before, the introduction of dopants into

the growth system generated a meaningful wider synthetic theme for SPSC. It directly

provides an attractive and effective strategy for fabricating not only ZnO, but possibly

other metal oxides crystallites with interesting compositional complexity.

3.5 Summary

In summary, SPSC requires /ight, ranging from UV to visible (as shown in Figure

3.12b), to assist the apical growth of NCs. Secondly, the use of water (specifically,

ultrapure water) will deliver a fine structure of NCs. Because the NC morphology is
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sensitive to pH changes and water impurities, the additive effect resulted in different

morphologies. For example, Si from tap water resulted in sphere-like crystallites and

NaCl from natural seawater resulted in plate-like crystallites (Figure 3.14d). These results

are presumably caused by the alteration of the electronic state of the apical surfaces.

Finally, metal oxide surface nanobumps act as the NC seeds and enclose the nucleation

for the apical growth reaction.
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CHAPTER 4
Tuning opto-electrical properties of ZnO nanorods with excitonic
defects via submerged illumination

4.1 Brief summary

When applied in opto-electronic devices, a ZnO semiconductor dominantly
absorbs or emits ultraviolet light because of its direct electron transition through a wide
energy bandgap. On the contrary, crystal defects and nanostructure morphology are the
chief key factors for indirect, interband transitions of ZnO opto-electronic devices in the
visible light range. By ultraviolet illumination in ultrapure water, a conceptually unique
approach to tune the shape of ZnO nanorods from tapered to capped-end via apical surface
morphology control is demonstrated. Oxygen vacancy point defects activated by
excitonic effects near the tip-edge of a nanorod is shown to serve as an opto-electrical
hotspot for the light-driven formation and tunability of the opto-electrical properties. A
double increase of electron energy absorption on near band edge energy of ZnO was
observed near the tip-edge of tapered nanorod. The opto-electrical hotspot explanation
rivals that of conventional electrostatics, impurity control and alkaline pH control
associated mechanisms. Thus, it highlights a new perspective to understanding light-

driven nanorods formation in pure neutral water.

69



4.2 Background

Morphology and defects are key determinants of the opto-electrical properties of
materials used in cutting-edge optics and photonics applications. In this field of study,
researchers no longer focus on the abundant variety of materials available, but have
creatively designed unprecedented opto-electrical properties in metallic oxide
nanostructures that support surface plasmons.'= Light can be manipulated on the quantum
level, enabling the exploration of surface plasmon properties and the fabrication of
plasmonic devices. Proper geometry and phase tuning of the nanostructures can increase
light absorption and emission, which in turn improve the nanostructures’ performance in
applications such as photovoltaics* and sensors.>

Zinc oxide (ZnO) has a wide direct band gap (Eg= 3.37 V) and a high exciton
binding energy (~60 meV), which can facilitate high carrier concentrations to probe the
localized surface plasmon (LSP) via interband transitions. ZnO nanostructures, especially
nanorods (NRs), have been widely used in various solar-driven energy and

environmentally benign technologies.® ’

To modify and increase the NRs performance,
researchers have continuously engaged in efforts to control the morphology of NRs,

including controlling the pH® or adding nonmetal impurities.®? Doping and alteration of
g g p g p png

ZnO NRs or nanowire growth at the (002) top-plane and the (100) side-plane through
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electrostatics can also enhance optical features.”

Recent studies have shown that a decrease in the size of Ag nanoparticles (NPs)
induces an energy blue-shift of exciton-LSP coupling (plexiton) in ZnO nanowires.'” The
coupling was demonstrated through the study of LSP spatial distribution and ZnO
excitations (near-band-edge (NBE) and exciton emission) using electron energy loss
spectroscopy (EELS) combined with scanning transmission electron microscopy (STEM).
STEM-EELS enables us to gain a new perspective to understanding the growth action by
ZnO nanostructures through their optical excitation, which is defined by the electronic
energy levels in the conduction and valence bands. The energy levels are discrete in
several dimensions because of the quantum confinement effect and can be tuned by size
and shape as well as by atomic defects.!! At present, electrostatics in alkaline
hydrothermal synthesis provide an essential mechanistic explanation toward NRs
control.” However, the literature contains only a few reports regarding the effect of atomic
defects, particularly in pure neutral solution, on the NRs growth mechanism.

Here, I developed an alternative and simple approach to engineer the opto-
electrical properties of ZnO NRs: Tapered and capped NRs are fabricated via NRs time-
dependent apical growth control. This behavior is explained by the opto-electrical hotspot

concept that will be described later.
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4.3 Materials and methods
4.3.1 Surface pretreatment

Surface pretreatment of a Zn plate was performed using the submerged liquid
plasma technique, as described in our previous reports./? 13 The raw Zn plate (99.5%)
used as the target material was procured from Nilaco, Tokyo. The plate used as a cathode
in the submerged liquid plasma setup it was cut to 35 x 5 x 0.5 mm. Then, a direct-current
voltage of 130 V and current of ~2.0 A was applied to initiate glow-discharge; these
conditions were maintained for 5 min to construct the nanobumps on the surface.
4.3.2 Fabrication of ZnO NRs via SPSC

The submerged photosynthesis of crystallites (SPSC) for fabricating ZnO NRs
was performed using room-temperature UV (A = 365 nm) light illumination in a dark
chamber.'? The plasma-treated Zn was submerged into a 4 mL polymethylmethacrylate
(PMMA) cuvette filled with ultrapure water. Ultrapure water was procured from Wako
Pure Chemical with pH 7-7.5 and resistivity of 18 MQ. The UV lamp illuminated the
cuvette with a horizontal 10 cm gap to achieve the UV light intensity of 28 mW/cm?.
Prior to illumination, the ultrapure water was degassed by boiling. For the purpose of
tracking the NR morphology change, the Zn SPSC specimens were independently

illuminated for designated durations.
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4.3.3 pH-T measurements

The pH-T trend of the ultrapure water during SPSC was recorded using a portable
D-72 pH/ORG meter (Horiba, Japan). The pH-T reading was obtained using a micro pH
electrode (9618S-10D) with the ability to read pH-T in 50 pL of solution.
4.3.4 Surface microstructure analyses

The NR morphology changes were recorded by a FESEM instrument (JEOL,
JSM-T7001FA) operated at 15 kV. XRD survey patterns of the specimens were obtained
using an X-ray diffractometer (Rigaku, Tokyo, RINT2500HL) equipped with a Cu Ka
source operated at 1.5406 A at 50 kV; samples were scanned over the range 5° < 20 <
100°. Peak fitting was performed in referenced to International Centre for Diffraction
Data (ICDD) based no. 4-0831 for Zn, no. 36-1451 for ZnO, and no. 38-0385 for Zn(OH)..
XPS data were collected using the JPS-9200 (JEOL) X-ray photoelectron spectrometer
with a nominal energy resolution of 0.65 eV. Measurements were performed in an
ultrahigh vacuum chamber with a base pressure less than 1.0 x 107 Pa. Spectra were
acquired using a monochromated Al-Ka source (hv = 1486.6 eV) operated at 12 kV. Data
were collected at room temperature.
4.3.5 Optical properties evaluation

The room-temperature PL spectra collected under excitation by a 325 nm He-Cd
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continuous-wave laser operated at its maximum output of 16 mW. The PL spectra were
recorded using an Acton SP2150 imaging spectrograph (Princeton Instruments) with a
nominal resolution of 0.4 nm. Raman spectroscopy was carried out at room temperature
using an XploRA PLUS (Horiba) with 532 nm laser excitation.
4.4 Results and discussion
4.4.1 ZnO nanorods characterization

In their bunched form, the fabricated ZnO NRs appear as nano-flowers (Figure
4.1a). The NRs were fabricated by submerged photosynthesis of crystallites (SPSC),
which only utilizes light and pure neutral water, and does not require the incorporation of
impurity precursors.'? Using submerged liquid plasma'® to create nanobumps to act as the
NRs oxide seeds, I grew and controlled the NRs via SPSC by utilizing UV (A = 365 nm)
light. Samples irradiated for 24 h (UVa4n) and 72 h (UV72n) exhibited distinct finely
tapered and capped morphologies, respectively, compared with the other samples (Figure
4.1a and Figure 4.4).

During SPSC, the NRs size increased from approximately 250 nm (tapered) to
500 nm (capped) in diameter. NRs will grow longer by effect of UV light while the
diameter increased (section 4.4.2 and Figure 4.2). Typical NR length after UV72h is ~1

pm. Then, a 24 h re-irradiation of UV72n NRs in fresh ultrapure water reconstructed the
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apical shape into tapered-end (UV7ani2an tapered NRs). Room-temperature

photoluminescence (PL)
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Figure 4.1 - Apical growth control of NRs and their opto-electronic tuning via SPSC. (a) Field-
emission scanning electron microscopy (FESEM) images of continuous UV 72y, irradiation in ultrapure
water, demonstrating the construction of the NRs in shapes ranging from tapered to capped. Capped
NRs were reconstructed into tapered ends after UV re-irradiation in fresh ultrapure water. A
schematic of apical growth control is also shown below the UV72n+24n image. (b) Blue-shift in PL peak
emission from UV, to UV72, (24 h intervals) with an inset color chromaticity diagram showing the
color change from red to greenish-blue (UV 12 h interval). (¢c) ZnO growth NRs array patterning on
the protruded inline surface prepared by focused ion beam (FIB). On the far right is a schematic of
light interaction at the tip of a NR, resulting in a hotspot area where the photoinduced radical reactions

mainly occur.
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Figure 4.2 — FESEM images of plasma-treated Zn surface after underwent 21 days of UV irradiation.

analysis dictated a blue-shift in the visible light range, with the tapered NRs showing a
PL peak at 605 nm, whereas the capped NRs exhibited a PL peak at 523 nm (Figure 4.1b).
The 523 nm peak shifted to 587 nm in UV72n+24n tapered NRs (Figure 4.4). Although the
dominant bulk NRs on the surface may be the origin of the optical excitation behavior, as
been discussed in Chapter 3, the apical morphology manifested essential properties to
consider; the photoinduced water splitting process attributed to the protruding surface
effect.'2 While maintaining SPSC concept, it is also feasible to control the protruding
surface using other than submerged liquid plasma in order to realize NRs array patterning

(Figure 4.1¢).
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Figure 4.3 - FESEM images of raw and plasma treated Zn specimen surface. Right panel displays their
respective magnified images. (a) Raw Zn. A roughly flat surface can be observed. (b) Plasma-treated

Zn. An average lum protruding surface with localized ZnO nanoparticles (nanobumps) can be

observed. Their average size is less than 30 nm.
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Figure 4.4 - FESEM images of ZnO NRs. (a) UV3en NRs; the NRs have corroded surfaces due to the
dissolution of Zn. (b) UVesn NRs with the capped shape. (c-d) Low magnification images of UV,
capped NRs and UV7n4n tapered NRs, respectively. The yellow rectangle marks the recorded images
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displayed in Figure 1a. (¢) Room-temperature photoluminescence spectra of UV7n+24n tapered NRs.

4.4.2 UV light effect during SPSC

The optical excitation behavior of ZnO NRs is known to be caused by intrinsic
point defects and surface defects such as oxygen vacancies, anti-site defects, and hydroxyl
groups incorporated into the crystal lattice.!*” In particular, the incorporation rate of
OH" into a ZnO crystal determines the tapered or capped morphology, which will
eventually influence the NRs native defects. On the other hand, deposition
(crystallization) and dissolution of ZnO favored by the photochemical process are
responsible for the reaction equilibria. We did study the NRs growth behavior under dark
and UV light illumination conditions (Figure 4.5).

Here, Zn metal itself can dissolute in water both under dark (hydrothermal) and
UV illumination (photochemical + hydrothermal) conditions to give rise to the following
reaction:

Zn+ H,0— Zn** +20H + H, (4.1)
However, on the basis of my observation, NRs formation under dark condition is
relatively low compare with UV illuminated condition (Figure 4.5). Rather, I observed

Zn(OH), as dominant formation under dark condition. It is distinguishable as dark fibrous

film on the specimen surface (Figure 4.5a) and detected by XPS analysis.
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Figure 4.5 - FESEM images of plasma-treated Zn specimens after been submerged in pure water for
24 h. (a) Dark condition without UV illumination. (b) UV illuminated condition for SPSC. The right

panel displays the magnified images.

The effect of UV illumination towards the NRs formation is clearly evidenced by
Figure 4.5b; the protruded surface is covered by long and fine tapered shape NRs, which
is the main focus in this chapter. I deduce that UV light induces the apical growth of NRs.
In concern with Zn(OH), formation (Figure 4.5a), it is realized by Zn** reaction

with OH~ (equation (4.2)) and do not dehydrate to form ZnO (equation (4.3)) because

of UV light absence.
Zn™ +20H™ — Zn(OH), 4.2)

In detail, the role of UV light and the equation (4.1)!2 has been discussed in

79



Chapter 3. UV light gives photo-induced water splitting process. The result is OH radical
production, which detected by monitoring the bleaching of p-nitrosodimethylaniline
(PNDA). OH radical react with hydrated electron (€3q) to form OH- at the hill of
nanobump surface. This also permits Zn dissolution.'® Subsequently, re-precipitation of
metal oxide and dehydration of Zn(OH), (equation (4.3)) occur and contribute to the re-
growth of ZnO NRs with apical growth characteristic.

Hence, OH" production by photo-induced water splitting at nanobumps result in
enhancement of local alkaline environment. Together with induced apical growth,
aggregation and recrystallization of ZnO nanoparticles (superimposed hydrothermal
reactions)2 occur to generate ZnO NRs.

4.4.3 OH ~detection by pH-T monitoring and XPS analysis

As been discussed in section 4.4.2, the role of UV light during SPSC is to enhance
photocorrosion of ZnO and induce apical growth of the NRs based on the formation of
Zn(OH),. Here, pH-T monitoring (Figure 4.6a) allowed the tracking of the entire process.
A high pH (~10) and temperature at ~40 °C enabled a high concentration of Zn>" at UV3n,
which coordinated with OH- to form Zn(OH):!2 until UV 2n. At UV2n, only small NRs
were grown on the specimen (Figure 4.1a). Tapered NRs formed at UV24h because of a

rich supply of OH~ from H;O. In pure neutral water, OH"™ is generated near the tip of
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a nanobump through the reaction of a hydroxyl radical (OH) with a hydrated electron
(€aq). Consequently, a locally alkaline region is established near the tip.12 This behavior
pushes the reaction toward the deposition of ZnO through the dehydration of Zn(OH)>
and imparts it with apical growth characteristics.'® At this stage, I observed a weight
increase (~100 pg/cm?) of the specimens. Additionally, bromothymol blue (BTB)
solution changed color from yellow to blue when Zn specimens initially immersed into
the water, indicating the water pH was greater than 7.6. Thus, the initial SPSC process to
yield ZnO was completed at UV24n according to the transformation: Zn — Zn(OH), —

Zn0.
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Figure 4.6 - SPSC photoreaction mechanism and surface structure analysis. (a) pH-T graph of UVaa
SPSC of ZnO NRs. The inset is a magnified view of the pH change in the ultrapure water over a period
of 3 h. (b) XRD patterns of UV specimen. (c-d) XPS O 1s peak of Zn UV 2, and UVa4p specimens

deconvoluted into three Gaussian-Lorentzian peaks.

The OH- supply decreased upon longer UV irradiation, resulting in capped NRs.
Notably, ZnO deposition and dissolution occurred simultaneously to sustain the
equilibrium. Therefore, Zn(OH). was still detectable in highly crystalline wurtzite ZnO
NRs via X-ray diffraction (XRD) analysis (Figure 4.6b). I used X-ray photoelectron
spectroscopy (XPS) (Figure 4.6¢c-d) to quantify the O/Zn ratio (Table 4.1). The
quantification was performed using the broad O 1s spectra deconvoluted into ZnO,

Zn(OH),, and adsorbed water peaks (see also Figure 4.7).
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Table 4.1 - Quantitative XPS analysis of ZnO NRs on the basis of their O 1s spectra. The O/Zn ratio

was calculated by integrating the ZnO component area with total of their O 1s components.

NRs O s peak components
Zn0 Zn(OH), Adsorbed water | ©/%0 Tatio
specimen
Peak (eV) | FWHM | Peak (eV) | FWHM | Peak (eV) | FWHM
UV 529.6 0.7 531.8 1.5 535.0 0.9 0.59
UVaan 529.5 0.7 531.2 1.0 532.7 0.8 0.87
UV3en 529.6 0.7 531.0 1.3 535.9 1.1 0.74
UVash 529.5 0.7 531.2 1.0 532.7 0.8 0.77
UVeon 529.6 0.7 531.2 0.9 532.4 0.7 0.89
UV 529.7 0.8 531.3 0.8 532.5 0.8 0.99
08 : — 038 ! :
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Figure 4.7 - (a) Typical XPS wide survey spectrum of the Zn SPSC specimens. (b) Zn Plasma UVo.
(¢) Zn UV3ep. (d) Zn UVygh. (€) Zn UVeon. (f) Zn UVap.

A drastic decrease in the Zn(OH), peak after UV 2, is in agreement with NRs

formation shown in Figure 4.1a. As a result of the continuous deposition and dissolution

processes, the O/Zn ratio inconsistently increased. Nevertheless, I deduced that UV,
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resulted in ZnO with a stoichiometric ratio of ~1.
4.4.4 Optical properties based on PL and Raman results

The O/Zn ratio change governed defect conversion in the NRs. The results of
room-temperature PL measurements under 325 nm He-Cd laser excitation are indeed
consistent with the XPS results. The blue-shift in the PL peaks from 605 nm to 523 nm
occurs gradually as a function of the UV irradiation time (Figure 4.8a). The 605 nm (2.05
eV) peak is attributed to ZnO oxygen vacancies (V,)..2 The 523 nm (2.37 eV) peak is
attributed to oxygen anti-site defects.?’ V, acted as non-radiative centers to suppress the
band edge emission?' and this is particularly occur at the tip of NRs. As the defect type
changed, i.e., the V, disappeared, the ZnO crystal quality is improved. Subsequently, the
band edge emission is enhanced. This is in agreement with our XPS analysis result, which
UV7n NRs has stoichiometry ratio of ~1 (Table 4.1) and strongest band edge emission
intensity (Figure 4.8a). All the ZnO NRs exhibited a NBE emission at 380 + 2 nm (3.3
eV), indicating that the bandgap energy for direct transition was unchanged. In the case
of raw and plasma-treated specimens (Figure 4.3), no obvious emission on visible light
range was observed. In addition, Raman spectroscopy results also revealed that the V,
peak intensity at 562 cm™! (Figure 4.8b) decreased with increasing UV irradiation time.

The Raman spectra of all of the NRs exhibit wurtzite ZnO Raman modes at 326 cm™!, 371
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Figure 4.8 - Optical properties of fabricated ZnO NRs. (a) Room-temperature PL spectra of ZnO
specimens. All specimens exhibited NBE emission at 380 + 2 nm. A blue-shift occurred from 605 nm
to 523 nm. The 523 nm peak matches the peak of a procured ZnO bulk specimen grown in the <001>

direction. (b) Raman spectra of the Zn SPSC specimens.

4.4.5 Oxygen vacancy study by STEM observation

I anticipated that SPSC reaction determinant in the inherent opto-electrical hotspot
could be understood by V, at the tip of NRs. PL results are reliably apprised of the V,
existence because of its high energy resolution (< 1 meV). However, it is lack of spatial
resolution versus the STEM/STEM-EELS technique, which can reach sub-angstrom
resolution. On the basis of high-resolution annular-bright-field STEM (ABF-STEM)
observations, I detected locally oxygen-deficient atomic columns near the tapered NR tip-

edge (Figure 4.9). As the NR in Figure 4.9 was subjected to 300 kV
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Figure 4.9 - High-resolution ABF-STEM image of a tapered NR tip-edge. The red rectangle indicates
the magnified atomic image below, where black and yellow dots are Zn and O atomic columns,
respectively. The right upper graph is the line density plot over the O column of the magnified area.

The oxygen-deficient region is indicated by numbers 1-5.

STEM-EELS mapping, I manage to measure its thickness by the log-ratio method
using Digital Micrograph (TM) (GATAN) software.?* As a result, the estimated thickness
is 8.29 nm. [ am aware of the local thickness variation on the tip of the nanorod. Therefore
I also tracked oxygen-deficient atomic columns in the interior part (Figure 4.10b-c)
excluding the thin tip-edge region (Figure 4.10a). Energy dispersive X-ray spectroscopy
(EDS) mapping in STEM also revealed that the tapered NR tip-edge was oxygen-deficient
compared with the capped NR (Figure 4.11). On the basis of line profile plot, oxygen-

deficient atomic columns were also detected in interior part of the tip-edge.
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Figure 4.10 - Detection of oxygen-deficient columns in high resolution ABF-STEM image of tapered
ZnO NR. (a) A yellow mask highlight the thin tip-edge region near vacuum. The region is excluded
from oxygen-deficient tracking. (b-c) Red rectangle on the interior part of nanorod highlight the
magnified image at the bottom. Line profile was traced and plotted on the right upper graph for
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Growth
direction

Figure 4.11 - (a-b) TEM micrographs of capped and tapered NRs. The right panel is their selected-
area electron diffraction (SAED) pattern obtained along the [ITO] direction. The growth direction is

along the c-axis with a ( OOT) O-terminated polar surface. (c) 300 kV STEM-EDS elemental mapping
images of the capped (top) and tapered (bottom) tips. The atomic percentage [at. %] ratio of O: Zn is

49.4: 50.6 and 42.1:57.9 for capped and tapered tips, respectively.

4.4.6 NRs opto-electrical properties study by STEM-VEELS

Taking advantage in its attainable high spatial resolution, I conducted valence
EELS (VEELS), i.e., low energy loss analysis, on the tapered NR. It is essential in order
to give correspondence with the PL results.

The EELS measurements were carried out using a double-Cs-corrected
transmission electron microscope (FEI, Titan Cubed) equipped with a Schottky electron
source and operated in STEM mode. The STEM was operated at monochromated 60 kV
for all measurements. A Wien-type monochromator was used to disperse the electron

beam energy. A Gatan Quantum EELS detector was used for the EEL spectroscopy. The
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energy resolution achieved in the measurements was 0.1 eV, with a spectral dispersion of
0.01 eV per channel at a convergence semi angle of 13 mrad and a collection semi angle
of 8.447 mrad. When probing the tapered NR from the interior to its tip-edge (Figure

4.12), the VEEL spectra changed shape in a systematic way. KKA routines were

performed on the spectra?*2% to obtain the optical properties.

NR tip-edge
—NR near tip-edge
—NR interior

Counts (a.u)

Energy Loss (eV)
Figure 4.12 - A series of raw STEM-EEL spectra of tapered ZnO NRs acquired from the interior to the

tip-edge, with the colored circles indicating the positions in the corresponding HAADF image of the
NR (inset).

The pre-analyses of EEL spectra were carried out using the Digital Micrograph
(TM) (GATAN) software as follows:

1. Calibration of the EEL spectra (re-zero the ZLP).

2. Removal of the ZLP peak using the fitted logarithm tail method.

3. Removal of the plural scattering of spectra using Fourier log deconvolution.
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KKA were performed on the deconvoluted EEL spectra to obtain the optical
properties; the convergence semi-angle was 13 mrad, the collection semi-angle was 8.447
mrad, and the optical refractive index of ZnO was 1.922.%

ELF information was inherited from the acquired EEL spectra. The ELF can be

described as

Im ~1|=_% _ (4.4)
2 512 +6‘22

Here, a Kramers-Kronig transformation is used to derive the function Re(1/¢) from Im(-

1/¢€):

o0

1 ]=1_2 -1 ] EdE'
Re[e@}_l f@llm[m}yz_g_z (4.5

After evaluating Re(1/¢(E)), we obtain the dielectric function from

Re[l / g(E)J +ilm[—1 / g(E)}

e(E)=e&(E)+isy(E) = (4.6)

2 2
{Re[l/g(E)]} +{1m[—1/g(E)]}
Knowing the dielectric function, I calculated the refractive index and the optical
absorption coefficient o

Refractive index

n=J&=n+ix

4.7)
12 =n2 -2 +2ink
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Thus,

n:\/%[gl +&t +g§]

(4.8)
K= J%[q/glz =
Optical absorption coefficient
o= 2K@
¢ (4.9)

:%\/21/512 +&5 —2¢

From the KKA results, the imaginary part, Im(g), of the complex dielectric
function (¢ = &1 + ie2) can be translated to the energy absorption in the NR. Compared
with interior part (Figure 4.13a), the characteristic of having V, on the tip-edge of the NR

resulted in about two times increase of €; on the NBE (Figure 4.13b).

i 0.24
32 a — NRinterior Im(g) 020 3.2 b_ NR tip-edge Im(g) |
2.8+ = NR interior Im(-1/¢) | 016 2.84 = NRtip-edge Im(-1/¢) |20
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Figure 4.13 - (a-b) The imaginary part, Im(g), of the dielectric function and energy-loss function (ELF,
Im(-1/¢)) calculated by KKA of 60 kV monochromated STEM-VEEL point spectra obtained for the
tapered NR interior and tip-edge parts.
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On the basis of equations (4.8) — (4.9), KK A results for refractive index and optical
absorption coefficient a (Figure 4.14) also highlighted the tapered NR tip-edge high-

electron-density absorption at the NBE region.
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Figure 4.14 - Experimental evaluation by KKA. (a-b) Refractive index corresponding to the interior
and tip-edge parts, respectively. (c-d) a of the interior and tapered parts, respectively. Both k and a of
the tip-edge displayed a substantial peak at 3.3 eV (NBE), as indicated by the green arrow.

Therefore, the optical absorption confined at the tip-edge (Figure 4.14) to create

the opto-electrical hotspot and subsequently enhanced the SPSC apical growth.

4.4.7 NRs opto-electrical properties study by ab initio calculation
To further confirm the experimental results showing the change in the opto-
electrical properties of the oxygen-deficient NRs, I calculated the energy band structures

using ab initio simulations.?’=! Firstly, I constructed bulk ZnO and ZnO + V, models, as
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shown in Figure 4.15a. Then, together with optical properties evaluation of the crystals,

CASTEP code?? was utilized for the simulation.
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Figure 4.15 - Comparison of the opto-electrical experimental results with ab initio energy-band
structural calculations assuming oxygen-deficient ZnO. (a) Schematic for modeling ZnO bulk and
ZnO + V, defects. (b) Calculated total density of state (DOS) of ZnO bulk and ZnO + V,. The inset is
a schematic comparing the DOS for the two states. The valence band maximum energy is taken to be
zero. The green arrow points to the V, energy band in the crystal. (¢c) The decomposition of ZnO + V,
total DOS into partial DOS of the Zn and O orbitals. (d-e) Dielectric function comparison between
experimental KKA calculation results based on EELS data and the ab initio calculation. Dielectric

function of tapered NR interior and tip-edge match with ZnO bulk and ZnO + V,, respectively.

In CASTEP code, a hexagonal ZnO crystal with lattice parameters a = b = 0.3249

nm, ¢ = 0.5205 nm was modeled, as in Figure 4.15a. In the perfect ZnO bulk, the

hexagonal calculation cell has 16 Zn atoms and 16 O atoms; ZnO + V, has 16 Zn atoms

and 15 O atoms. The model optimizations were performed using the ultrasoft
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pseudopotential plane-wave method. The generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) was then adopted to describe the exchange and
correlation (XC).

I used the scissors operator” to give the best approximation of the optical
properties from EELS measurements. The approximation was implemented by fitting the
ELF spectra. As a result, I employed the scissors operator value of 2.37 eV to the ZnO
bulk and 0.97 eV to ZnO + V, to shift the calculated conduction bands upward (Figure
4.16a-b).

To calculate the optical properties, integrations in the Brillouin zone (equation
(4.10)) were performed using special k points generated with a 4 x 4 x 2 mesh parameters
grid. Polarization was set to the [100] direction, and periodic boundary conditions were

applied in all directions of the lattice parameters.

8=81+i82
_ 2d3 k 2 cme wv
£y(w)= Z IBZ (27[)3 u-Me| S(EG—E}—E)
where (4.10)

u-M,., = <‘Pk|u p|‘Pk>
- jcry volaﬂr\}l%T (_lhv)l}”]é

Here, wu is the unit vector, which defines the polarization of the incident

electromagnetic field with the incident photon energy, E =%® ; e and my are the charge
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Figure 4.16 - ZnO energy band structure and optical properties comparison result. (a-b) Ab initio
calculation for energy band structure of ZnO bulk and ZnO + V,, respectively. (c-d) ELF comparison:
the solid line is the ab initio calculation result, and the dash line is the experimental result. (e-f)
Refractive comparison: the solid line is the ab initio calculation result, and the dashed line is the
experimental result. (g-h) a comparison: the solid line is the ab initio calculation result, and the dash

line is the experimental result.

and mass of a bare electron, respectively. W§ and ¥} are the unoccupied and occupied

state eigenfunctions of the system, respectively, and E{ and Ej are their corresponding
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band energies. The derivation of €; is performed using the Kramers-Kronig dispersion

relation! on &».

Figure 4.15b shows the calculated DOS of the two ZnO models in Figure 4.15a.

A mid-gap state at approximately 2.10 eV appears in the ZnO + V, compared with the

bulk ZnO. On the basis of its partial DOS, this mid-gap state is due to Zn 3s and Zn 3p

orbitals (Figure 4.15c). The optical properties were then calculated and compared to the

experimental results. Both model simulations matched well with the experimentally

measured dielectric function of the tapered NR interior and tip-edge (Figure 4.15d-e). In

the plot of the & of ZnO + V,, a significant peak is observed at ~3.3 eV, as indicated by

the green arrow (Figure 4.15¢). The intra-band energy then shifted from a direct transition

of 3.3 eV (NBE of ZnO bulk) to an indirect transition of 2.10 eV (V,) (Figure 4.15b).

In addition to the dielectric function results, the calculation results for other

optical properties (e.g., refractive index and optical absorption) also matched well with

the experimental results (Figure 4.16). In particular, a similar peak at 3.3 eV (Figure

4.15¢) also appears at optical extinction coefficient k and optical absorption coefficient o

(Figure 4.16).

As the 523 nm (2.37 eV) peak in the PL emission observed on capped NR (UV72n)

and procured ZnO bulk specimen (Figure 4.8a) was related to oxygen anti-site defects
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(Ozn),2 1 performed ab initio calculations as described for ZnO + V,. I modeled the ZnO
crystal to have Zn-O sites exchanged (Figure 4.17a). ELF fitting gave a scissors operator
value of 1.604 eV to shift the conduction band upward (Figure 4.17b). The partial DOS
(Figure 4.17¢) was then generated to enable deriving the transitions corresponding to
peaks appearing in the EELS. Here, the intraband energy shifted from a direct transition

of 3.3 eV (NBE) to an indirect transition of 2.47 eV.
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Figure 4.17 - Ab initio calculation result for ZnO + Oz,. (a) Schematic for modeling ZnO + Ogz,. (b)
Simulated band structure. (c) Total DOS of ZnO + Oz, with partial DOS at the Zn and O orbitals. (d)

Dielectric function. (e) Refractive index. (f) Optical absorption coefficient.
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The calculated optical properties of our ZnO + Oz, crystal model (Figure 4.17d-
f) were compared to those of the experimental tapered NR interior. However, the model
optical properties approximation did not match the experimental results. Thus, I
concluded that the 2.47 eV interband transition corresponds to the 523 nm peak.

Herein, the simulation results are consistent with the blue-shift of the PL (2.05 eV

to 2.37 eV) (Figure 4.1b and Figure 4.8a) as well as with the VEELS results.

4.5 Summary

In summary, the scenario of SPSC photochemical reactions can be explained as
follows: Incident light, especially with NBE accumulates at the NRs tip, which is derived
from an oxygen-deficient state. Then, water splitting process occurred by light irradiation.
The light induces apical growth of a nanorod by the photochemical reaction of ZnO
crystallization from zinc hydroxide (Zn(OH).) or the zincate ion (Zn(OH)ﬁ' ). At this time,
polarization can be maintained between the positively charged Zn>" ion and the alkaline
environment rich with  OH~ near the tip. The tapered NRs is then realized, and this
feature is lost when a capped NRs is formed. The tip-edge of a tapered NR exhibited a
double increase of electron energy absorption on NBE of ZnO. Hence, we can tune the

NRs opto-electrical properties by controlling the tip morphology and intrinsic defects.
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CHAPTER 5
Summary
5.1 General conclusion

The work of this thesis focused on ZnO nanostructures fabrication, eventually on
its nanorod morphology because of high research interest on the compound. It has a wide
bandgap energy of 3.37 eV and high exciton binding energy of 60 meV. This properties
promote ZnO for application in opto-electronic devices. A facile method to synthesis ZnO
nanobumps, which is the crystal seeds is achieved through submerged liquid plasma
technique. Then, inspired by photo-synthesis of green plants, submerged photo-synthesis
of crystallites (SPSC) is introduced to grow ZnO nanorods under UV illumination in pure,
neutral water.

In Chapter 2, I developed the understanding of submerged liquid plasma
mechanism toward its effect to synthesis metallic nanoparticles as well as to a metallic
electrode surface. In order to fabricate nanobumps on a Zn plate, a glow-discharge state
must be optimized. In this case, applied voltage of 130 — 140 V and current of 1.9 — 2.0
A are necessary parameters to achieve this state.

In Chapter 3, the process and mechanism related to ZnO nanorods fabrication via

SPSC is described. By using SPSC, ZnO nanorods (forming into nanoflowers and
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dendrites can be obtained. Other than ZnO, SPSC technique also can be utilized to

fabricate CuO nanoflowers, CeO; dendrites, and WO3 nanorods. The growth process is

photocatalytic, with hydroxyl radical via water splitting and hydrogen were detected.

Nanobumps are essential for this photocatalytic process to occur. 4b initio calculation

verified that a flat surface will yield 5.03 eV to dissociate H2O molecule. In contrast,

nanobump surface with curvature of R = 0.5 nm gives energy of 0.323 eV. By changing

the type of dopants in additive solvents during SPSC; Si elements gives spherical shape,

Ca elements gives whiskers-like shape, and NaCl gives hexagonal plate shape

transformation of ZnO nanorods.

In Chapter 4, the apical characteristic of ZnO nanorods is systematically

controlled. Tapered nanorods form into capped nanorods after continuous 72h UV

irradiation. During this shape evolution, a blue shift in PL spectra was observed. This

shift is due to oxygen vacancy defect changed to oxygen anti-site defect. STEM

observation result revealed that local oxygen-deficient region exist at the tip-edge of a

tapered nanorod. Through STEM-VEELS analysis done at the tip-edge, a double increase

of Im(g) on NBE of ZnO was observed. 4b initio simulation concluded that Zn 3s and Zn

3p orbitals are responsible for this increase.
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5.2 Future outlook

While important steps have been made, as with all scientific research, many

interesting, many opportunities were opened through the work performed in this thesis.

In this section, some ideas based on observations seen throughout this research are

introduced.

5.2.1 Cathodoluminescence analysis

The study of optical properties in ZnO nanorods in this work was performed by

using PL and Raman spectroscopy analyses. Cathodoluminescence (CL) technique

approach is necessary in order to analyze local oxygen-deficient region on the nanorods.

Although STEM observation has confirmed the oxygen-deficient region at the tip-edge

of tapered nanorod, there is still lack of knowledge about those defects on the local

interior surface.
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Figure 5.1 — Cathodoluminescence spectra obtained along vertical c-axis of a ZnO nanorod.

An example of CL spectra obtained on a ZnO nanorod is shown in Figure 5.1. On
the basis of PL data, oxygen vacancy peak was at 605 nm while oxygen anti-site defect
was at 523 nm. In order to match the data obtained from PL, 605 nm (c.Weos5nm) and 523
(c.ws23nm) nm were set as center wavelength in the CCD camera, which has a broad
wavelength detection range (200 — 1100 nm). Four data collection points (P1-P4) was
placed starting from tip-edge to interior of the nanorod.

From P1-P4, a 390 nm (3.18 eV) peak, which corresponds to ZnO direct bandgap
energy was observed on both wavelength centers. No peak shift was observed although
there was a significant peak increase in c.W.sosnm. In the visible light region, the spectra

intensity significantly increased from P1-P4 on both wavelength centers. However, there
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was no blue shift observed. A range of 593 - 600 nm is determined as defect driven peak,
i.e. oxygen vacancy on the nanorod surface. For the purpose of CL blue shift observation
in visible light region, the bulk nanorod with diameter ~2.5 um was not adequately small
for the CL system. In addition, the nanorod surface roughness indicated a considerable
amount of zincate ions, e.g. Zn(OH): on the lattice. Thus, together with nanorods array
patterning in Figure 3.13, this issue shall be solved in order to develop their opto-
electronic devices application.
5.2.2 Antimicrobial activity

All of the nanocrystallites fabrications using SPSC technique was implemented
towards many metals; Zn, Cu, Mo, Ce, W, and Fe. In the case of ZnO, the target is to find
its applications for opto-electronic devices. Other than that, insights in antimicrobial
applications have given us motivation to develop the methods due to the fact that those
oxides are non-toxic. Among the large family of metal oxides, cupric oxide (CuO) is an
interesting multifunctional material because of its promising applications in magnetic
storage media, solar energy transformations and catalysis. It is known that reactive
oxygen species (ROS), e.g. 05, OH radical, and H2O: can cause disruptions to amino
acid syntheses, resulting in bacterial death."? Thus, by maintaining the same fashion of

SPSC method, antibacterial experiments were conducted using CuO nanoflowers (section
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3.4.7).2 Types of bacteria are: Gram-positive (Staphylococcus aureus) bacteria and Gram-
negative (Escherichia coli K12) bacteria. A raw Cu, CuO-plasma, CuO-annealed 700 °C,
and CuO-SPSC specimens were prepared. For antimicrobial activity observation, the
specimens were incubated with the bacteria inside a petri dish (Figure 5.2). The
incubation was set at 37 °C for 24 hours under fluorescent light.

During incubation, a dark shallow ring will form around the specimens, indicating
the bacterial growth inhibition zones. Larger inhibition zones translate to high

antimicrobial activity. As indicated in Table 5.1, plasma-treated and SPSC-treated

Figure 5.2 — Antibacterial activity test using Cu plates under varied treatments. (a) Gram-positive

(Staphylococcus aureus) bacteria and (b) Gram-negative (Escherichia coli K12) bacteria. (Ref. 3)

specimens demonstrated higher antimicrobial activity. A black surface (CuO-plasma,
CuO-annealed, and CuO-SPSC specimens) implies CuO, which could excite electron-
hole pairs by mean of photosemiconductive reaction to generate Cu’' through

photocorrosion process ( CuO+ H,0+2h* — Cu?* +20H ). Despite the same composition
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Table 5.1 — Average inhibition zones for Cu specimens in Staphylococcus aureus and Escherichia coli

K12 (Ref. 3).

Average inhibition zones (cm)

Specimens Staphylococcus aureus — Escherichia coli K12
Raw Cu 0 0
CuO-plasma 1.2 1.1
CuO-annealed 700 °C 1.0 1.0
CuO-SPSC 1.2 1.1

of CuO, the CuO-plasma and CuO-SPSC demonstrated higher antimicrobial activity than
CuO-annealed on the basis of their inhibition zones (Table 5.1). This is due to high
specific surface area owned by the former.> Higher specific surface area will enhance

DNA damage following the reactions below:*

Cu?t +2e”+0, > Cut +05 (5.1)
205 +2H,0 — H,0, + 0, +20H~ (5.2)
Cu™ +H,0, — Cu?* +OH ™ +OH (5.3)
OH +DNA — DNA damage (5.4)

In summary, the CuO-SPSC exhibited significant high antimicrobial activity. This result

represented the future outlook antimicrobial application using ZnO as well as other
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metallic oxide crystallites.
5.3 Final remarks
Overall, the concept of submerged photo-synthesis of crystallite has been covered

in this thesis (Figure 5.3). Though there is still more to explore for its applications in

Photo-induced
crystal growth

Photo-induced
water splitting

H* +OH™

hv—h"+e

Illumination
control

(Metal oxide
nanoparticles) 4

Ultrapure water, deionized Galvanic corrosion & Rust

water, tap water, river water,
lake water, aqueous solution

Figure 5.3 — SPSC concept.

semiconductor technology, incorporation of scientific advances to open new perspectives
in understanding light interaction with matter has been done. An important point learned
from this work is that even well-known materials, if they are applied in in different way,

can result in exciting breakthroughs.
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