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Abstract

Zinc-air batteries have high specific energy, environmental compatibility and
use low-cost materials. They have long been considered to be attractive as
potential power sources for electronic applications. In the operation of these
batteries, zinc oxide (ZnO) is formed as a byproduct. The present study
investigates the form of the ZnO produced and suggests the potential of the
method to synthesize ZnO nanostructures. Current methods of synthesizing
7Zn0O nanostructures are expensive and complex, while requiring good vacuum
and high temperatures. They are corrosive and evolve high toxic gasses.
We present an on-going research that investigates the feasibility of producing
Zn0O nanostructures using an electrochemical, zinc-air cell system that is also
a voltage generator. The electrolyte used in the study is readily available
lye or sodium hydroxide (NaOH). The measured parameters are electrolyte
concentration, zinc plate size, open-circuit cell voltage and discharge time into
a calibrated load. The experimental has two aspects. The first aspect is
the measurement of the output cell voltage versus electrolyte concentration
and cell voltage output at constant ohmic load. The second aspect is the
surface characterization of the zinc electrode substrate using SEM, EDS, UV-
Vis and XRD techniques to investigate the formation of ZnO as a function
of electrolyte concentration. Conclusions are then drawn by correlating the
electrical performance of the cell in the first part versus the surface products
formed in the second part. The potential application of the study is therefore
twofold; firstly, we suggest the study as an alternative to large scale manufacture
of ZnO and secondly, we suggest a way to optimize the power output of the cell
as a function of the surface products formed. A layer of well-aligned zinc oxide

(ZnO) nano-needles was synthesized on a zinc plate at room temperature using



an environmentally friendly zinc-air cell system (ZACs). The zinc plate was
the anode, and the air cathode was composed of steel wire. A porous void-
paper separated the electrodes and in the presence of a low concentration
NaOH electrolyte also formed the medium of transferring electrons from the
anode to the cathode. In this study, the open-circuit voltage, Voc, were
monitored as a function of the electrolyte concentration. The electrolyte
concentrations were varied from 0.4M to 2M. The measured values of Voc were
approximately 1.2V for all the five different concentrations used. The effect
of concentration on orientation and lengthwise growth of the synthesized ZnO
nano-needles were determined through scanning-electron microscopy (SEM)
and X-ray diffraction (XRD). It was found that the growth and orientation
of the resulting ZnO nano-needles is highly dependent on the electrolyte
concentration. The SEM images show good length properties of nano-needles
with average sizes between 780 nm and 2200 nm. In addition, using XRD, UV-
VIS spectrometry (UV-vis) and Field Emission Scanning electron microscopy
(FE-SEM) techniques the effects of varying the annealing temperature from
400°C to 600°C on the structure, morphology and optical properties of the
synthesized ZnO nano-needles were also investigated. XRD measurements
indicated that the synthesized ZnO nano-needles exhibit the hexagonal wurtzite
structure with no impurities. In general, with the annealing the particle size
increased and the nano-needles became more orientated with average height
between 538.1 nm and 1195 nm. Ultraviolet-Visible (UV-Vis) spectroscopy
showed a slight decrease in absorbance and the absorption edge shifted slightly
to lower energy. The apparent increase in the band gap energy was from
3.29 to 3.30 eV over the temperature range, although it cannot be reliably
attributed to adverse effects such as high-temperature defect formation since
it is within the measurement uncertainty 2%. The nano-needles exhibit strong
absorption peaks, in the wavelength range of ~ 360nm to 380nm. The peaks
appear to decrease with annealing temperature with increased crystallization
strength. The absence of impurities after annealing was confirmed using
Energy Dispersive Spectroscopy (EDS). Overall the ZAC method appears to

be a feasible alternative method to produce ZnO nanostructures.
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Chapter 1

Introduction

1.1 Background of the research

In 1959 Richard Feynman gave a talk implying the emergence of nanotechnology.
According to him “there is plenty of room at the bottom”. With his talk, he
laid a concrete foundation for the current research in the development of new
technology of the very small. However, the term nanotechnology was only
coined in 1974 by Norio Taniguchi. He described nanotechnology mainly as
consisting of the processing of separation, consolidation, and deformation of

materials by one atom or one molecule.

In this chapter an overview of nanotechnology, nanomaterials and nanoparticles
is given alongside attempts to answer some commonly asked questions such as
what nanotechnology is and what nanomaterials and nanoparticles are. The
kinds of properties that these materials possess for them to be considered good
and promising candidates for the development of electronic devices such as
sensors, light emitting diodes (LEDs) and so on are also discussed. According
to Nowack and Bucheli [1], nano-sized materials have been employed by mankind
for thousands of years and nano particles themselves have been in existence for
millions of years up to the present, for instance as halloysite clay nanotubes.
Nanoparticles have been unwittingly applied by mankind for centuries. The

earliest known use of nanomaterials was probably in a Roman cup called the



Lycurgus cup which is coated with gold nanoparticles. When illuminated
with light the cup produces different colors depending on the position of the
light source [2]. Carbon black is another prominent example of a common
nanoparticle material that was known since ancient times. It is widely used in
materials such as printing ink, plastics and building products [3]. There are
other well-known and widely applied nanoparticle-based materials. Examples
of such materials are found in personal care products, sporting goods, electronics
and the automotive industries. Nanoparticle-based materials are expected to
be at the heart of the future market, particulary in the chemical and health
care sectors [1,4-10]. The unique properties of these nanomaterials due to
their extremely small size, morphology and their ability to be tuned in size and
shape by the synthesis method, have attracted tremendous research attention
around them [11,12]. At present, nanoscale materials are being employed
in various sectors of science, biomedicine, pharmaceuticals, cosmetics, energy
and environmental studies and electronics as shown in Figure 1.1 [1,5-7].
The fabrication of molecular devices in electronics is one of the most studied,
current focus areas of application according to Deng [13]. However, one major
concern remains the elapsed time between the first synthesized nanomolecules

to the appearance of the first electronic devices with practical functionality.

Figure 1.1: Some potential applications of nanomaterials to electronics: (a)
molecular electronics (b) usage in nano-organic electronics.



1.1.1 What are nanomaterials?

Nanomaterials are chemical compounds with particle sizes between 1 and 100
nanometers. To appreciate the nano-scale, one millionth of a millimeter is
approximately 100,000 times smaller than the diameter of a human hair as
shown in Figure 1.2 [14], whereas a red blood cell is approximately 7000
nm wide [15]. Particles that can only be viewed under very high electron
magnification techniques and have particle sizes that range between 1 and
100 nm are classified as nanoparticles [16,17]. Nanoparticles are in general
considered to be materials that have dimensions in the nanoscale in at least
two dimensions i.e. particles as well as fibrous materials and tubes but not
materials which are nano-sized in only one dimension, such as coatings, films

and multilayers [3].
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Figure 1.2: Graphical representation of a material scale [14].



Owing to the unique optical, magnetic and electrical properties that these
nanomaterials exhibit at the nanoscale, nanomaterials have great potential
in fields such as electronics, medicine and others. However, the properties
vary from material to material and also on the manufacturing technique.
Nanomaterials may be classified broadly into two categories i.e. naturally
occurring or engineered (synthetic). According to Bhatt & Tripathi [18]
these categories are further divided into several classes such as carbonaceous
nanomaterials, metal oxides, semi-conductor materials, zero-valent metals and

nanopolymers as shown in Figure 1.3. In this research we shall concentrate

Environmental Nanoparticles

v v

‘ Natural nanoparticles ‘ ‘ Engincered Nanoparticles }7
| [ ]1 | | |
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Metal sulphides '7

Figure 1.3: Categories of the nanoparticles present in the environment [18].

on engineered nanomaterials in the range of 1 to 100 nm in order to obtain
the desired structure that will serve the particular application. Engineered
nanomaterials with small particle sizes have much greater surface area to
volume ratio than their bulk materials. This leads to greater chemical reactivity

and also affects their mechanical strength [19]. Also, at the nanoscale, quantum
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size effects occur as a result of electron confinement. These effects can be used

in highlighting the material properties and other characteristics [14,20].
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Figure 1.4: Applications of nanoparticles [21].

To summarize, based on their unique properties they can be applied in different
fields as shown in Figure 1.4. The development of nanomaterials and the
research conducted in the existing sphere of nanotechnology is regarded as the
driving force for existing nanotechnology based sectors. In the next section a

background of nanoparticles that are based on metal oxides is presented.



1.1.2 Metal oxide based nanoparticles

The most commonly studied class of nanoparticles is metal oxides nanoparticles
largely because of the abundance of oxide forming metals in nature. Due to
the unique properties of metal oxide nanomaterials, such as optimized optical,
gas sensing abilities and electrical properties, they have drawn much research
interest during the past two decades [22]. It is found that devices that are made
of metal oxides possess new optical and electronic properties when fabricated
at the nanoscale in contrast to the microscale due to changes in their chemical,
physical and electrical properties. It is these changes that make these materials
potential candidates for technological applications [23].

Metal oxide nanomaterials play a crucial role in the fabrication of
microelectronic circuits, sensors, piezoelectric devices, fuel cells, coatings for
the passivation of surfaces against corrosion, and in chemical catalysts [24,25].
Specifically, they are used in energy production e.g. CuO rectifiers, data
storage e.g. giant magnetoresistive recording (GMR), and medicine e.g. drug
delivery and cancer therapy [3,26]. With the decrease in particle sizes down
to the nano scale, there is a dramatic increase in the surface to volume ratio.
There is an associated increase in the density of the surface sites for photon
absorption and chemical reactions. The optical properties of metal oxide
nanomaterials are caused by the increase in the band gap of the material
through a process called size quantization [27]. When particle size decreases
to the nanoscale, there is a fine tuning of the electrical characteristics of the
metal oxide [22,28,29].

Due to the wide applications of these nanoparticles, different methods
are employed to synthesize them. Metal nanoparticles can be synthesized by
various processes including laser ablation (LA) [30], chemical vapor deposition
(CVD) [31], chemical vapor condensation (CVC) [32], thermal decomposition
(TD) [33], combustion (C) [34], and wet chemical reduction (WCR) of the



corresponding metal salts. These methods are broadly classified as either top-
down or bottom-up. In top-down methods, lithographic techniques are used
to cut larger pieces of a material into nanoparticles. For instance, particle
sizes smaller than 100 nm and 30 nm can be produced using extreme UV
photolithography and electron beam lithography, respectively [18,35].

According to Govender [36], certain biological organisms that are referred
to as prokaryotic and eukaryotic organisms - as well as several fungal species
- produce metal oxide nanomaterials when exposed to solutions that comprise
the metal salt. The physico-chemical properties of each nanoparticle vary
considerably. However, based on the universal agreements as highlighted by
Li et al. [37], there are a number of properties that nanoparticles should have to
be considered fit for specific applications or at least with due warnings of their
toxicological impact in applications. Properties like chemical composition,
mass, particle number and concentration, surface area concentration, size
distribution, specific surface area, surface charge potential, stability [21,26],
solubility, depend on the nature of the nanoparticle shell. Properties like
solubility, transparency, color, conductivity, melting point and catalytic behavior
mainly depend on the actual particle sizes. Similarly, surface composition of
the nanoparticles affects the dispensability, optical properties, conductivity
and catalytic behavior of the particle [16,38]. Even though nanoparticles play
a vital role in the development of new technology, there are still limitations and
unsolved challenges. For instance, because nanoparticles have large surface
area an extremely small particles size, it is difficult to work with them in both
liquid and dry form because of particle-particle aggregation [39].

Zn0Q is one of the most studied of the engineered metal oxide nanoparticles.
It is an inorganic semiconducting material that is a very versatile and important
[40]. Due to its unique nanoscale properties, it finds application in many
applications such as laser diodes, solar cells, gas sensors, optoelectronic devices

and others [41].



1.2 The research question

According to statistics shown by the research database, SCOPUS [42], ZnO is
the most synthesized and studied nanomaterial. The statistics are summarized
in Figure 1.5. Presently, researchers rely on the expensive techniques mentioned
above. These methods require good vacuum, high temperature, and it involve

complex processes. They are corrosive and generally involve toxic gasses.

Journal papers published per year
. § 8888888

*
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

Figure 1.5: The number of ZnO-related research papers published between
2004 to 2014 [42]

In this work the zinc-air (ZAC) system is investigated as a feasible
and cheaper alternative to produce ZnO nanoparticles. We investigate the
scope of the method from the basic theory, to the estimation of yield, surface
effects and actual resulting particle sizes. By utilizing this system, we can
possibly also find alternative ways of improving the existing primary batteries
as well and thus provide cheap, high performance zinc-air batteries for a
multitude of applications. Therefore, the study has the potential to expand

current knowledge regarding synthesis alternatives as well as to provide a



route to improve existing zinc-based power sources by identifying products

that incumber cell performance.

1.2.1 Aims and objectives

This project was conducted to evaluate the fabrication of ZnO nanostructures
using the ZAC system method and assess the method’s potential for the

reliable synthesis of ZnO nanoparticles. The objectives of this study are:

1. To prepare ZnO nanoparticles by a zinc air system, the main considerations

being availability, low cost and environmental impact of the components.

2. To investigate the effect of electrolyte concentration and annealing temperature

on particle size by SEM techniques.
3. To characterize the crystal structure and particle size using XRD techniques.
4. To investigate the surface morphology of the zinc electrode using SEM.
5. To study the elemental and chemical composition using EDS.
6. To study the optical properties using UV-Vis spectroscopy

7. To investigate potential yield of the method.

1.3 Outline of the dissertation

Chapter 1 introduces the concept of nanoparticles and explores their potential
applications. The chapter also defines the research question and outlines the

specific objectives while stating the main research hypothesis.

Chapter 2 provides background information on ZnO nanoparticles and the

properties that make ZnO nanoparticles a potential candidate as well as existing



synthesis methods for ZnO nanoparticles.

Chapter 3 provides an overview of the ZAC system design and construction.
The chapter also proposes a method to electrically characterize the ZAC
system. Furthermore, Chapter 3 provides a detailed introduction to characterization
for the surface, morphological and optical properties of the ZAC cell products

using standardized techniques.

Chapter 4 investigates the effects of electrolyte concentration on the surface,

morphological and optical characterization of the nanoparticles obtained using

the ZAC cell.

Chapter 5 discusses the effects of annealing on the surface, morphological and

optical characterization of the nanoparticles obtained using the ZAC cell.

Chapter 6 makes concluding remarks and suggest directions for possible future

studies.
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Chapter 2

A Review of the Literature

2.1 Background of zinc oxide nanoparticles

Over the last two decades, different methods have been employed to synthesize
the different nanostructures as mentioned above. These methods help to
understand the meso-physics of growing nanomaterials. ZnO is one of the
mostly studied metal oxides. It generally appears as a white crystalline powder
and is regarded as an inorganic semiconducting material that rarely occurs in
nature. It is a very versatile and important material that is insoluble in water
and in alcohol [40,43]. ZnO is generally observed as a “white powder” and
is commonly known as zinc white. Sometimes it appears yellow to reddish in
color due to the presence of manganese and or other impurities. The crystal
structure of zinc oxide is said to be thermo-chromic, which means that it
has the ability to change color when exposed to different temperatures. For
instance, when ZnO nanomaterial is heated it changes from its original white
to yellow due to the loss of oxygen. When it is cooled it changes back to
white due to the gain of oxygen. Table 2.1 shows some physical properties of
Zn0O at ambient temperature and pressure. ZnO can be composed of different
growth morphologies such as nanorods, nanocombs, nanowires, nanosprings

and nanocages [44].
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Table 2.1: Some physical properties of ZnO at ambient temperature and
pressure.

Property Value

Molecular formula 7m0

Molecular Weight 81.37

Relative Density 5.607

Zinc oxide sublimes

at atmospheric pressure

at temperatures over 1200°C
Under high pressure a
melting point of 1975°C

has been estimated

Melting Point

Saturated vapor Pressure (1500°C) | 12mm Hg of mecury

Refractive Index w = 2.004, e = 2.020

Heat of sublimation between 539.7 kJol/mol (vapor not disassociated)

1350°C and 1500°C and 40.25 kJol/mol (vapor associated)

Heat Capacity Cp = 9.62 cal/deg/mole at 25°C

Coefficient of Thermal Expansion | 4 x 107¢ /°C

Color /appearance White solid powder

2.1.1 Crystal and surface structure of ZnO

The are three known molecular structures of ZnO. These are cubic zinc blende,
hexagonal wurtzite and rock salt (see Figure 2.1 and 2.2).  Zinc blende
structure consist of two main atom types form cubic lattices. It is different
from rock-salt structure as the two lattices are positioned relative to one
another. The zinc blende structure has a tetrahedral coordination. Each atom

is connected to four atoms of the opposite type, positioned like four vertices

of a regular tetrahedron. Altogether, the arrangement of atoms in zinc blende

12



(0110)

Figure 2.1: Wurtzite structure model of ZnO. The tetrahedral coordination of
Zn-0 is shown. Wang [44]
structure is the same as diamond cubic structure, but with alternating types
of atoms at the different lattice sites as shown in Figure 2.2.

Hexagonal wurtzite is regarded as the most stable and common structure
at ambient temperature and pressure [43]. The ideal wurtzite ZnO has a
hexagonal close-packed structure with lattice parameters, a = 0.325 nm and
¢ = 0.52069 nm and belongs to space group of P63mc [43-48]. The structure
of ZnO is characterized by Zn?T and O?~ sub lattices and because of the
surrounding cations. The structure is classified as tetrahedral and stacked
along the c-axis on an alternate basis as shown in Figure 2.1. The dipole
moment and instant polarizations form when the two sub lattices (Zn?* and
O?%7) interacts results in a diversification of surface energy [41]. The lattice
symmetry and tetrahedral coordination in ZnO results in pyro-electricity in
hexagonal ZnO and piezoelectricity of the zinc blend ZnO [43]. The tetrahedral
coordination in ZnO results not only in non-central symmetric structure with

polar symmetry but also plays a crucial role in growth, defect generation and

13



Figure 2.2: The zincblende (left) and rock salt (right) phases of ZnO.

etching of ZnO [21]. Many researchers have been involved in investigating the
piezoelectric property of ZnO nanostructures for their potential applications
in nano-electromechanical systems [45,46].

In non-central symmetric structures due to external pressure that induces
lattice distortion might result in a displacement of positive and negative centers
which leads to a local dipole moment that can be observed over the crystal
structure [43]. Based on tetrahedral bonded semiconductor materials, ZnO
shows the highest piezoelectric tensor which provides a large electro-mechanical
coupling [49]. Due to the pyro-electricity and piezoelectricity, zinc and oxygen
planes bear electric charge. However, the electrical neutrality is maintained
mostly in relative materials when zinc and oxygen planes reconstruct at atomic
level. This effect is not seen in ZnO~ (0001) because the surface is relatively
flat, more stable and without reconstruction [7,50,51].

Regardless of the above-mentioned of the ZnO structures, wurtzite ZnO has
four common surfaces, the polar Zn (0001) and O (0001) terminated faces and
the non-polar (0020)and (0010) faces. The polar surface of ZnO that is formed

by oppositely charged ions produced by Z* (0001) and O~ (0001) is also the
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most basic characteristic of ZnO. This stable polar surface results in the unique
spontaneous polarization that is observed in ZnO. Polar charge interaction
depends on charge distribution over the surface as shown in Figure 2.3. This
can be explained by the arrangement of ZnO structure, where the structure
is arranged to minimize the electrostatic energy with the stacking sequence
AaBbAa along the c-axis. However, most of the well-known structures arise
from this factor [44,52,53]. In general, in order to maintain a stable structure,

the polar surfaces must show a massive surface reconstruction.

Zn-polar face
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Figure 2.3: Distribution of polar charges over the surface with the sequencing
arrangement of AaBbAa in c-axis

2.1.2 Electronic properties of ZnO

At ambient temperature and pressure, zinc oxide is a wide, direct band gap
semiconductor of 3.37 eV and excitation binding energy of 60 me [4,23,47].
The large band gap gives ZnO the advantages of higher voltage breakdown,

reduce electronic noise, ability to sustain large electric fields and higher power
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operation than smaller bandgap materials [31]. Depending on the doping
material, its band gap can be tuned from 3 to 4 eV. The wide band gap
and large exciton binding energy of ZnO also make it a potential candidate
to be applied in chemical sensors, luminescence devices and solar cells. Due
to the presence of vacancies and interstitial defects ZnO is said to be n-type
semiconductor [31,43,49]. Presently, it is still lacking a stable and reproducible
p-type doping. According to Behera [43], unintentional substitutional hydrogen
impurities plays a major role in explaining the n-type character shown by
Zn0O. However it is easy to control n-type doping by easily substituting Zn
with group 3 elements such as Al and Ga, but creation of an authentic p-
type doping of ZnO is still a difficult task, due to the low stability shown
by p-type dopants and the abundance of n-type impurities in ZnO [41]. It is
expected that creating a p-type doped ZnO would be a major breakthrough for
creating nano-electronic and nano-optoelectronics. For instance, p-type and n-
type ZnO nanowires may be crucial in fabricating p-n junctions, light emitting
devices (LEDs) and complementary logic circuits that have application in all

branches of electronics.

2.1.3 Optical properties of ZnO

The study of optical properties particularly for ZnO has been carried out over
the past few decades [54-56]. To date ZnO has drawn mach attention based
on its unique and promising properties that makes it a promising candidate
for short wavelength photonics. These properties arise from its direct wide
band gap of 3.37 eV which corresponds to the energy of 3655 A photons.
ZnO is a material that strongly absorbs ultra violet light below 3655 A and
is transparent to visible wavelength of the electromagnetic spectrum [4, 57].

Zinc oxide generally appears as white in the range of visible wavelengths with
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a typical refractive index of n, = 2.008. But due to unintentional doping
of the grown crystals ZnO crystals usually appears as red, green or yellow
colored [58]. Under ultra violet (UV) light ZnO becomes photo-conductive.
By the combination of optical and semiconductor properties, doped zinc oxide
becomes a contender for a new generation of devices [21]. Doped zinc oxide
is a promising material in solar cells because solar cells require transparent
conductive coating for greater quantum efficiency. According to Yang et
al. [21], both intrinsic and extrinsic effects are the contribution of optical
properties in semiconductor. Intrinsic optical transition is described as the
transition between the holes in valence band and electrons in conduction
band where also an excitonic effect is concluded as the result of couloumb
interaction [49]. The electronic states are created in the band gap when
the impurities and complexes are added and influence optical absorption and
emission processes. These kinds of properties can be related to extrinsic
properties. Bound excitons are generally defined as an excitons that can be
bound to charged donors and acceptors [4]. The electronic state of these bound
excitons are highly dependent on the band structure of the semiconductor
material. For example, in a shallow neutral donor bound exciton electrons
are assumed to be paired off into “two-electron” state with zero spin. The
additional hole is then weakly bound in the net hole-attractive Couloumb
potential set up by this bound two-electron aggregate. Similarly, neutral
shallow acceptor bound excitons are expected to have a two-hole state derived
from the topmost valence band and a one electron interaction [23]. Due to
the electron transition between the valence band and the conduction band,
the ZnO nanostructures have been a promising candidate in implementing
photonic devices [57]. Photoluminescence (PL) spectra of ZnO nanostructures

have been previously reported. The PL spectra of ZnO nanorods show excitonic
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emissions [59]. The emission peak that is clearly observed around 380 nm is
due to band-to-band transition and green-yellow emission band related to
oxygen vacancy are observed. According to Beheraa [57] and Fan et al. [49],
quantum confinement plays an important role in enhancing the exciton binding
energy. It is interesting that the observed green wavelength emission intensity
increases with a decrease in the diameter of the nanowires. This is because
nanowires have large surface to volume ratios. This favors a higher level
of defect formation and surface recombination. The observed results are
coherent with those of bulk ZnO material [41]. The double ionized oxygen
vacancies have been previously reported as key attributes for red wavelength
luminescence [41,49,57]. ZnO nanowires thus show good UV emission properties,
while its UV lasing property is of greater significance and interest. ZnO
nanowires and nanorods also have a refractive index of around 2. Their near-
cylindrical geometry, makes them potential candidates for optical waveguides.
It has been recently reported that ZnO nanowires can be used as sub-wavelength
optical wave guides. Optically-pumped light emission was guided by ZnO
nanowires and coupled into SnO, nano-ribbon. Based on these findings, ZnO
nanostructures show promise as potential candidates for integrated optoelectronic
circuits [21]. According to Hassan et al. [60], ZnO nanowires can also be
utilized for polarized UV photo-detection and optical switching. This is due

to the defect states that are related to wavelength.

2.1.4 Chemical properties of ZnO

7m0 generally occurs as a white powder known as mineral zincite or zinc white.
This mineral usually contain some manganese particles or other elements thus
making it red or yellow in color [9]. When heated crystalline zinc oxide changes

its color from white to yellow due to the loss of oxygen. Upon cooling it turns
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back into its original color by regaining oxygen. This is due to a very small
loss of oxygen at high temperatures to form the non-stoichiometric Zn;, O,
where at 800 °C, x= 0.00007. ZnO is an amphophetic semiconductor oxide
that is insoluble in water and alcohol, but soluble in degrading acids such as

hydrochloric acid (HCI):

Zn0O + 2HCl — ZnCly + H,O

When reacted with phosphoric acid, it forms a cement-like zinc phosphate
cements. Since ZnO is in powder form bases can also degrade it into soluble

zincates:

Zn0O + 2NaOH + H,O — Nay(Zn(OH),)

At about 1975 °C ZnO sublimes as Zn vapour and oxygen. In the presence of

carbon, it changes to form a volatile Zn.

ZnO + C — Zn + CO

2.2 Methods of synthesizing ZnO nanoparticles

To date there are different methods of synthesis that are employed to synthesize
this nanomaterials. The prescribed methods they follow mainely two methods
namely top down and bottom up as shown in Figure 2.4. In top-down approach
large system is broken down into desired compositional sub-systems, approach
begins with larger starting materials and gradual controlled removed of until
the desired structured is achieved. The bottom-up approach involves the
fabrications of desired structure system using small systems. It begins with
smaller subunits that are assembled, again with varying levels of control,

depending on technique into the final product. Attrition or milling is a typical
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top-down method in making nanoparticles, whereas the colloidal dispersion is
an example of bottom-up approach in a synthesis of nanoparticles [61-63].
By employing these two methods one can achieve one of the four dimensions of
a nanomaterials. There are zero-dimensional (0D), one-dimensional (1D), two-
dimensional (2D) and three dimension (3D). 0D these are materials in which
nanoparticles are isolated from each other. e.g. nanoparticles, nanoclusters,
nanocrystals and quantum dots [64]. 1D nanomaterials are nanofibers and
nanotubular materials with fibre length from 100 nm to tens of microns e.g.
nanotubes. 2D is a single layer material, with thicknesses below 100 nm
and lengths and widths that exceed nanometer dimensions e.g. thin films,
graphene/graphene oxide sheets, quantum wells, 2-D electron gas and self-
assembled monolayers. They have also been widely used for optical coatings,
corrosion protection and semiconductor thin-film devices [65]. 3D nanomaterials
are formed from two or more materials with very distinctive properties that act
synergistically to create properties that cannot be achieved by a single material
alone e.g. complex systems, composites, zeolites, mesoporous materials [66].
These methods each have advantages and disadvantages. The top-down method
involves the thermal treatment of larger particles, and volatilization of a solid
followed by condensation of the volatilized components. In this case high
temperature is required to produce nanostructures thus resulting in higher
production cost. In the case of volatilization of solids expensive masks are
required which are time consuming when manufacturing. However, bottom
up in this case is preferable because nanostructures are fabricated at low
temperatures. In the bottom-up method, the fabrication of nanostructures
requires the condensation of atom or molecules in the gas phase thus an
expensive closed chamber containing a gaseous environment is required. The

bottom up is a more convenient method to engineer nanoparticles (ENPs) [68],
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Figure 2.4: Top-down and bottom-up approaches in nanotechnology [67]

supports a better opportunity to obtain nanostructures with fewer defects,
more homogenetic chemical composition with better short and long range
ordering and also relevant to the chemical industry. The fabrication of size of

nanoparticles varies with their synthesis methods, as discussed below.

2.2.1 Vapor Transport Synthesis (VTS)

VTS is one of the commonly employed method to synthesis ZnO nanostructures.
In this process Zn and oxygen are mixed using a oxygen mixture method,
this allows a oxygen to react with Zn to form ZnO nanostructures. This
is however achieved by heating up Zn powder under oxygen flow and then
transported and condensed onto the substrates [69,70]. This is not a complex
technique to synthesize ZnO but it is an expensive technique that requires
high growing temperatures, where as high temperature environment may cause

decomposition and undesired reactions in the reactor.
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2.2.2 Sol-Gel method (SG)

This is a wet chemical methods that is used to fabricate metal oxides from
chemical solution that acts as the precursor for an integrated network (gel) of
discrete particles [71]. The precursor solution can be either deposited on the
substrate to form a film, cast into a suitable container with the desired shape,

or used to synthesize powders.

2.2.3 Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a synthetic method that utilizes a pulse laser
to deposit a materials on the a substrate surface as a film. By far this method
is known by producing good ZnO nanostructures with outstanding electronic
and optical properties [72, 73]. The process of deposition involved in this
method take place in an ultra high vacuum with the presence of gasses such

as oxygen.

2.2.4 Chemical bath deposition (CBD)

CBD is one of the commonly employed method to synthesize metal oxide
as a compound semiconductors from aqueous solutions [74]. This method
is commonly employed because it does not require high voltage equipment,
works at room temperature, and hence it is inexpensive. With the proper
controllable kinetics of formation of solids, CBD techniques can produce solid
films on a suitable substrate.

However, there are complications associated with these techniques such
as the need for a good working vacuum, high working temperature, the inherent
process complexity, corrosiveness and the release of toxic gasses. All these lead

to elevated experimental and safeguard costs.
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2.2.5 The zinc-air system (ZACs)

The ZACs consists of a zinc plate as the anode, sodium hydroxide (NaOH)or
potassium hydroxide (KOH) and or lithium hydroxide (LiOH) as the alkaline
electrolyte and oxygen as the cathode [75]. Electrolytes differ by more than
just their ionic conductivity, KOH is thought to be preferable to NaOH,
because K* has a larger ion radius and thus a lower probability of incorporation
into the ZnO lattice. The oxygen that is used in this system is derived directly
from the air. Moreover, the use of oxygen from the air curtain the experimental
cost and make it an environmental friendly system, the operation of zinc
air system is described as follows: Zinc loses electrons to an anode current
collector turning to a Zn?* cation. The electrons generated on the anode
travel via an external circuit to an air cathode where the reduction of oxygen
takes place forming hydroxyl ions (OH™). The hydroxyl ions travel towards
the anode side via the electrolyte and combine with zinc cations to form zinc

oxides. The chemical reactions of Zn-air system can be described as follows:

At the cathode:
02 + QHQO —+ e~ — 4OH_, (EO = 040\/)

At the anode:

27n — 270" + 4e”

Eo represents the standard half-cell electrode potential with respect to Standard
Hydrogen Electrode (SHE).

27n°t + 40H~ — Zn(OH),, (Ey = 1.25V)
2Zn(OH), — 2Zn0 + 2H0,
The overall cell reaction can be written as follow:
27Zn + Oy — 2700, (Ey = 1.65V) (2.2.1)
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From the above equations, it shows that the operation of ZAC system largely
depends on the activities of reduction and oxidation reaction at air electrode
and Zinc anode, respectively. In spite of the experimental simpleness, there are
complicated task involved such as to understand mechanism of decomposition
process, the overall formation of hydroxide ions that leads to the formation
of ZnO on the zinc plate. This is because the zinc ion are more attracted to
OH than H50. To control the formation of ZnO nanoparticles including shape
there are variety of parameters that should be controlled. These includes
the concentration and type of electrolyte, dimensions of the casing, exposed
surface of zinc plate, air cathode dimensions and the designing of the constant

current grainer.

2.2.6 Role of separator and electrolyte

The separator plays an important role in zinc air system by transporting
hydroxyl ions in electrolyte from the air electrode to zinc anode electrode [76].
Thus suitable separator must be carefully chosen in order to serve this purpose.
Firstly a separator must be stable in the electrolyte with suitable pore size [77],
high ion conductivity [78] and insulating to electron transportation. The
zincate ion must be prevented from migrating from anode to cathode thus a
separator must have moderate or fine porosity. However, the concentration of
electrolyte also play a vital role in formation of ZnO nanostructures, therefore
it is important to find the concentration that gives the optimum cell performance.
Higher the concentration of electrolyte results in high viscosity thus increase
the formation of ZnO nanostructures but it also reduce the internal resistance.
Moreover, it is important to remark that the electrolyte does not form part of

the reaction but only takes part in the conduction of OH™ ions.
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Chapter 3

Construction and
characterization of products

This chapter presents an overview of the experimental methods starting from
the design of the zinc air cell system (ZACs) and then the procedures used to
synthesize ZnO nanostructures on a zinc-plate. The characterization methods
used are divided into two categories, namely electrical methods and standardized

methods.

3.1 Fabrication of the ZACs

One of the objectives of this research was to use simple apparatus and methods
to synthesize ZnO nanostructures. However, this was achieved by utilization
of commercial wire sponge or steel wool (purchased at Shoprite), a porous
void fill recycled paper, recycled zinc plates extracted from Everady transistor
batteries purchased at Shoprite and further cleaning was done. A clear,
perspex box with certain dimensions was used as a casing and commercial
sodium hydroxide pellets CP from Associated Chemical Enterprises (PTY)
LTD and also distilled water. Set of zinc plates were cut into 70 mm x 50
mm in dimensions and cleaned with wire sponge (steel wool) until the plate

appears shinny as shown in Figure 3.1.
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Figure 3.1: Zinc plate after washing

Copper wire was crimped onto each plate to allow external connection
to the zinc anode. Commercial steel wool with the mass of 5g was used as
the positive cathode. A length of copper wire was also crimped on steel wire
to allow external connection to the cathode. A porous, packaging void-fill
recycled paper was used to prevent a short circuit between electrodes and to
allow the flow of oxygen. The zinc-plate, steel wool and void-fill paper were
placed inside a clear, perspex box with the dimensions of 108 mm length,
64 mm wide and 30.4 mm width as shown in Figure 3.2. Figure 3.2 shows
the final design of ZACs after different designs were used to optimize the
growth conditions. The electrolyte was then injected on the casing to allow
the transfer of electrons from the anode to the cathode. The oxygen from the
air diffuses into the cell and it becomes the cathode reactant. The presence of
the air cathode allows the reaction of oxygen and aqueous NaOH electrolyte
to take place. When oxygen diffuses into the electrolyte hydroxyl ions (OH™)
are formed. These ions travel through the electrolyte into the zinc anode and

form zinc oxide, and the chemical reactions described by Equations (2.2.5) to
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(3.3.1) occur.

3.1.1 The electrolyte solution

Solutions of pure sodium hydroxide of 0.4M to 2M concentration were prepared
in distilled water using commercial sodium hydroxide pellets CP from Associated
Chemical Enterprises (PTY) LTD and distilled water. This was done by
dissolving 2, 4, 6 and 8 g of NaOH respectively in 100 ml distilled water under
constant magnetic stirring at room temperature to ensure a homogeneously
mixed solution. Then the solutions were then cooled to room temperature
before being injected into the cell enclosure, Figure 3.2 to allow the transfer
of electrons from the anode to the cathode following the process described in

chapter 3.

3.2 Proposed method for ZAC electrical
characterization

Two multimeters were employed to evaluate the room temperature open-
circuit voltage (Voc) and the constant-load, closed-circuit voltage (V..) performance
of the ZACs. The internal resistance (Ry,), current output (I) and power (P)
parameters were indirectly deduced from the knowledge of (Voc), (Vi) and
the constant load. The performance of the ZAC was then taken as the behavior
of (Voc), (Vee), (Ren), I and P as functions of time. The closed-circuit cell
load was a 470€2/0.25 watt standard resistor. The cell current was measured
over a discharge time of 1 hour. The experiment was repeated for the five cells
with the concentrations above. In order to measure Voo the voltmeter was

connected across point A-B in Figure 3.3. The current flowing through (Ry,)
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Figure 3.2: Schematic diagram of the apparatus used to synthesize ZnO
nanostructures by ZACs

is described using Thevenin’s theorem by:
Iss = Voo / Rup (3.2.1)

Where V,. is the open circuit voltage at the terminals, I, is current flowing
through the circuit and Ry, is the input or equavalent resistance at the terminals
when the independent source are turned off. We are proposing this unique
approach using standard network theory because of the following. The infinitesimal
power in a load across which a voltage drop dV is developed when a constant

current I flows is given by

AP = IdV (3.2.2)
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The change in energy delivered to the load i.e actual work done in the load

over the time interval dt is then
dE = dPdt (3.2.3)

Assuming that the cell output is reasonably steady, the infinitesimal work
done is

dE = Pdt (3.2.4)

The total energy of the cell is therefore given by

E = /dE (3.2.5)

which represents the area under the power-versus time, for example in Figure
3.7. This approach allows the determination of the energy delivery capacity

of the cell for a specific purpose.

A
Ny—
Ry
Vi = Vee - (D § o =
B
* (b)

(a)

Figure 3.3: Circuit illustrations of thevenin’s (a) and Norton’s (b) theorems

3.2.1 Open-circuit voltage characterization

Zinc air cell/batteries have a theoretical and practical open-circuit voltages
Voc of 1.65V and 1.2V respectively [77]. In this investigation the Voo was
monitored for 12 hours at room temperature and it was found to be steady

at around 1.2V as shown in Figure 3.4. The values obtained are in agreement
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with Yap et al. [8] but slightly lower than those reported by Mohamad [77].
This is due to the use of different electrolytes used. The specific electrolytes

differ on account of different ion conductivity.
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Figure 3.4: Twelve-hour measurements for open circuit voltage of ZACs

3.2.2 Closed-circuit voltage characterization of ZAC

The closed-circuit voltage (Voc) versus time performance of the constructed
7ZACs with concentrations of 0.4, 0.5, 0.6, 1 and 2M over one hour is shown
in Figure 3.5. From the graph, 0.5 and 1M can sustain a load of 470 ohm
for longer time compared to cells with 0.4, 0.6, 1 and 2M. The basis of
this is the cell voltage that remaining constant within 10% of 0.85V. The
measured voltage drops as results on an increase in internal resistance are
shown in Figure 3.6. Figure 3.7 shows the output power of the cell as a

function of time. The internal resistance of the cell was measured and it is
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shown that the resistance of the cell is depends directly on the electrolyte
concentration. However, at concentrations of 0.4, 0.6, 1 and 2M V¢ is lower
and the extent of passivation as a result of increased cell internal resistance
is greater. The overall effect is then poorer reactions at the cathode and the
anode, leading to lower power output. Overall an electrolyte concentration
of 0.5M concentration was found to be the optimal concentration for ZACs

open-circuit voltage, as shown in Figure 3.8.
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Figure 3.5: Behavior of the cell at different electrolyte concentraions
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Figure 3.6: Resistance measurement

3.3 Surface, morphology and optical properties

3.3.1 An overview of standard characterization methods

Different, well-known characterization techniques were employed to study the
particle morphology, elemental composition, and structure of synthesized ZnO
nanoparticles. These techniques are: X-ray diffraction (XRD), scanning electron
microscopy (SEM), Energy Dispersive X-ray Spectrometry (EDS) and UV-Vis
Spectroscopy (UV-Vis). The theory of these characterization techniques are
briefly covered in this chapter. It also gives the experimental set-up and layout

of the methods used for characterization.
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Figure 3.7: Power behavior of a cell

3.3.2 X-ray diffraction (XRD)

XRD in one of the commonly employed non-destructive technique in determining
certain parameters such as the crystal structure, composition, quality, lattice
parameters, orientation, defects, stress and strain of mater in either a powder
or thin film form [79]. The XRD uses X-Ray (or neutrons) beam with a
specific wavelength to probe the sample in order to determine the above
mentioned parameters [80]. During the analysis of XRD measurement, X-Rays
are directed towards the sample specimen and proceed to elastically scatter off
the electron clouds of atoms in the sample. Detector is then used to measure
the X-Ray intensity as a function of the an angle of a beam diffraction. A
periodic structure within the sample leads to interference fringes determined

by the periodic arrangement of the atoms. Thus Bragg’s Law plays a crucial
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role in interpretation of these peaks.
A = 2dsinf (3.3.1)

Where d is the distance between the atomic planes, # being the scattering
angle, and A\ being the wavelength of the incident X-ray radiation.

However, by knowing the widths on the diffraction lines, size, size distribution
and strain of the nanocrystals can be easily determine. The lattice spacing
and the crystal size of the sample is determined by using peaks position and
full width half maximum (FWHM). Another alternative way of determining
the crystallite size of a sample is through using Debye-Scherrer equation [109]
which is given by

D = k\/(5cosb) (3.3.2)

Where D is the size of the crystallites, 5 is the full width at half maximum of a
diffraction line located at angle  while X is the X-ray diffraction wavelength of
Cu Ka radiation (0.1514 A and k is a Scherrer constant (0.94), which depends

on the peak breadth, the crystallite shape, and the crystallite size distribution.
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Figure 3.9: Bragg’s law derivation.

Types of X-ray spectra found on XRD

When the aimed sample is bombarded with the cloud of electrons accelerated
with high energy from the filament it result on two types of X-ray spectra
being generated. The first type being continuous and the second type being
characteristic spectra. The continuous spectra is produced when the electrons
hit the targeted sample, it is characterized by the wide range of wavelengths
x-rays depending on the targeted material and voltage across the X-ray tube.
However, when the applied voltage is raised above a critical value, characteristic
of the target metal, sharp intensity maxima appear in the spectrum. These
are the ‘characteristic lines’ and they are produced by exciting an electron out
of its shell (only K lines are used in x-ray diffraction due to absorption). The
K, lines are produced as an electron from one of the outer shells falling into
the vacancy created in the K shell, thereby emitting energy in the process as
x-rays. The characteristic spectra is produced when the electronic transition
occurs amongst individual atoms of the targeted specimen as a results of high

voltage. This type of spectra is defined more by Bohr model of atoms. In
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this model the nucleus of the atom containing the protons and neutrons is
surrounded by shells (K, L and M) of electrons. The K- Shell is surrounded
by L- and M- shells. When the electrons are accelerated with high energy
towards the targeted material and their energy is high enough to dislodge the
inner K- shell electrons results in electronic transition. The electrons from
the outer L - and M - shells move in to take the place of those dislodged.
The electronic transition that occurs between L to K - shell produces K, X-
rays, while electronic transition that occurs between M to K- shell produces
Kjs X-rays. Figure 3.10 shows the comparison between the two spectra, the

characteristic X-rays have a much higher intensity compare to continuous

spectra.
6
2 Ka
//
characteristic
radiation
4 ‘

L
25 KV continuous

\ \ radiation
2 Kl 7

) / 20—~
2

X-RAY INTENSITY (relative units)

15— \
1 - ‘__\\\\
/
/ / Al \\h
SWI 5l
0 1.0 2.0 3.0

WAVELENGTH (angstroms)

Figure 3.10: Continuous and characteristic spectra [81]
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3.3.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is among the most powerful surface
techniques that provides information on the specimen or substrate such as
composition, topology and crystallography [82]. It is a very good technique for
investigating the surface morphology of nanoparticles. SEM utilizes electron
beam generated by tungsten or lanthanum hexaboride to probe a sample
[83]. An electron beam is accelerated and directed using positively charged
wire grids, and focused using electrostatic and magnetic field lenses. As
the electron beam is systematically scanned over the sample, it result in
dissipation of the electron beam energy in the near surface region of the
sample thus low energy secondary electrons, backscattered electrons (BSE),
auger electrons, characteristic x-ray and continuum x-ray can be detected by
electron detector. The signal from low energy secondary electrons is then used
to create the image of the analyzed sample. Secondary electrons gives the most
valuable information about the morphology and topography of the analyzed
material while backscattered electrons they provide valuable information in
terms illustrating contrasts in composition in multiphase samples. X-ray
generation is produced by inelastic collisions of the incident electrons with
electrons in shells of atoms in the sample. As the excited electrons return to
lower energy states, they yield X-rays of a fixed wavelength. Thus, characteristic
X-rays are produced for each element in a sample that is “excited” by the
electron beam. Depending on the instrumental aperture and resolution, the
maximum magnification for a SEM can be as large as one million times, thus
allowing the observation of atomic clusters and nanostructures. It should
be pointed out that the image resolution given by SEM largely depends on
interaction of electron probe with specimen. Figure 4.2 shows an operation of

SEM from scanning of the sample up to data acquiring.
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Figure 3.11: Operation of the SEM instrument. [81]

3.3.4 Energy Dispersive X-ray Spectrometry (EDS)

The EDS (or EDX) spectrometer is among the most commonly employed
analytical technique in elemental analysis of the solid samples [84]. Tt uses a
high-energy focused beam of electrons produced by thermionic sources such as
a tungsten hair pin exaboride (LaB6) crystal to irradiate the solid surface in
order to obtain the localized chemical analysis. Its characterization capabilities
are due in large part to the fundamental principle that each element has a
unique atomic structure allowing unique set of peaks on its X-ray spectrum.
Based on the principle, EDS is capable of detecting all the elements present
on the analyzed sample with the atomic number 4 (Be) to 92 (U) [85]. There
are two analysis methods that are associated with EDS spectrometer namely,

qualitative and quantitative analysis. Qualitative analysis is regarded as a first
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step of analyzing an unknown sample by identifying the present elements on
the obtained X-ray spectra using tables of energies or wavelengths. Quantitative
involves the determination of the concentration of the elements present on
the sample by measuring the intensities of each element line that appears
on the X-ray spectra and compare it with a calibrated standards of know
composition. In the analysis only peaks which are statistically significant
should be considered for identification because the higher the peak in the
spectrum, the more concentrated the element is in the specimen as shown if

Figure 5.5 [86]. From a typical spectrum presented on Figure 5.5, it consist of

0 : 5 1 15 3
Full scale 973 cts cursor: 2014 keV (8cts) los'y

Figure 3.12: Typical EDS spectra. [86]

a number of higher peaks which are place on top of slowly varying continuous
background. The background is produced by Bremsstrahlung x-rays while the

higher peaks are produced by characteristics x-rays. Although the natural
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energy spread of the x-rays in a particular emission line is very small, the x-
ray line is recorded as a Gaussian distribution several tens of eV wide because

of noise in the detector and amplifier system.

3.3.5 UV-Vis spectrometer

UV-Vis spectrometry is a non destructive technique which measures the light
intensity when passes through the sample and compare it to the light intensity
before it passes the sample. The principle of UV-Vis spectroscopy is based
on the ability of the material to absorb ultraviolet and visible light. The
relationship between the input and output intensity is described by Beer-
Lambert Law:

e =1/I, (3.3.3)

The absorbance, A, can be divided by the path length, [, to yield the absorption
co-efficient o which quantifies the absorbance per metre thus taking film
thickness into account. The spectroscopy consist of light source, a sample
holder, a diffraction grating which separates the different wavelengths of light,
and a detector. The radiation source normally a tungsten filament(300-2500nm)
and a deuterium arc lamp which is continuous over the ultraviolet region (190-
400 nm). The detector is typically a photodiode or a charge couple device
(CCD). Photodiodes are used with monochromators, which filter the light
so they only of single wavelength reaches the detector. Diffraction gratings
are used with CCDs, which collects light from the different wavelengths on
different pixes. The operation of UV-Vis spectrometry is shown in Figure

3.13.
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Chapter 4

Effects of electrolyte
concentration

4.1 Introduction

7Zn0 is a group II-VI semiconductor compound with a wide direct-band gap
of 3.37 eV [88] and an excitation binding energy of 60 meV [89]. It has three
stable structures, namely cubic rocksalt, zincblende and hexagonal wurtzite
(lattice parameters a = 0.325nm, ¢ = 0.521nm) [90], [91]. The large band gap
gives ZnO the advantage of higher voltage breakdown, reduced electronic noise,
ability to sustain large electric fields and higher power operation [41]. With
the emergence of nanotechnology, this material has been employed in a wide
range of industrial applications. For instance, it finds use as a semiconductor in
electronics devices and sensors, as an ingredient in cosmetics and in biomedicine

[92-95].
4.2 Characterization

In this chapter, the effects of different electrolyte concentration on grown ZnO
nanoneedles on a zinc plate at room temperature is presented in terms of
orientation and yield using the information gathered by a Shimadzu model ZU

SSX-550 SEM and TEM characterization techniques. Secondly, crystallinity
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of ZnO nanoneedles is predicted using XRD technique using a Bruker D8 X-
ray diffractometer operating at 40 kV and 20 mA using Cu K, = 0.15406
nm for elemental analysis. Finally, EDS Spectrometry results reveal that the

synthesized nanomaterial is ZnO.

4.2.1 Structural analysis using XRD

An XRD was employed to prove that the synthesized nanoparticles on the zinc
substrate are ZnO. No characteristic peaks from impurities were observed in
the samples which mean that the crystals were composed of a pure ZnO phase.
All the peaks that appears on the XRD pattern as shown in Figure 4.1 are in
agreement with the JCPDS card no.: 04-0831 for hexagonal structured zinc
that belongs to space group P63/mmec (194) with lattice parameters of a =
2.64 A and ¢ = 4.95 A and or JCPDS card no.: 80-0075 for hexagonal wurtzite
structured space group P63mc (186) with a maximum lattice parameter a =
3.24 A and constant ¢ = 5.21 A respectively. Figure 4.1 shows a compilation of
XRD measurements of ZnO synthesized with the variation of NaOH electrolyte
concentrations ranging from 0.4 to 2M. From these images, it is observed that
nanoneedles start to grow on a zinc plate at 0.5M with size vary from 19
to 39nm. This is thought to be the process of effusion of atoms from the
source material and these atoms rapidly lose their energy by colliding with
gas atoms. The XRD measurements for samples synthesized at 0.4 and 0.5
M shows no traces of ZnO diffraction peaks but only pure zinc diffraction
peaks appears with the preferred hexagonal orientation of (002) planar. The
samples prepared with 0.6M, 1M and 2M shows the trademark of hexagonally
wurtzite ZnO s tructure with preferred orientation (101). Other than the
preferred orientation (101) planar, there are other 9 diffraction peaks that

correspond to hexagonally wurtzite ZnO structure which are (100), (002),
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Figure 4.1: XRD patterns of the Zn anode after the synthesis at different
NaOH concentrations of (a) 0.4M (b) 0.5M (c¢) 0.6M (d) 1M and 2M:

(102), (110), (200), (112), (201) and (004). It is also noted that as the
concentration increases ZnO diffraction peaks become broad due to decrease
in particle sizes. The XRD spectra show that ZnO nanoneedles grown with
0.6M, 1M and 2M are crystalline. The sample prepared with 2M shows some
peaks that belong to pure zinc phase. This is attributed to the passivation of
zinc plate due to high ionic conductivity. However, the XRD spectrum of ZnO
nano-particles synthesized with 0.4M and 0.5M are exceptions because the do
not show any preferred significant peaks of hexagonally wurtzite ZnO structure
besides the preferred (002) plane, thereby showing amorphous nature [96].
SEM images of the grown ZnO are shown in Figure 4.2. The crystalline

sizes, lattice parameters and lattice spacing of ZnO were then calculated
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using Debye-Scherrer and Bragg’s equations (3.3.2) and (3.3.1) respectively.
An average lattice spacing of ~ 0.265 nm was obtained for the synthesized
ZnO nanoneedles, which can be closely correlated with the (0 0 2) interplanar
spacing of ZnO Wurtzite structure reported by [97]. For the wurtzite structure
the inter-planar distance of the (h k 1) plane is related to the lattice parameters

a and ¢ via the Miller indices hkl.
(1/dpw)? = 4/3 + (h* + h* + hk)/a*) + 12/, (4.2.1)

where a and c are the lattice constants; h, k, 1 are Miller indices. With the
approximation of the first order n =1, lattice parameter a was calculated using

equation (4.2.2) with (002) diffraction peak:
a=\/(V3sinb) (4.2.2)

To calculate lattice constant ¢, diffraction peak (101) and equation (4.2.3) was
used

c=M\/siné (4.2.3)

The application of Equations (4.2.1)-(4.2.3) to the data gives Table 4.1 for
7Zn0. The calculated parameters are in agreement with the lattice parameters
of the bulk ZnO. The lattice constants a and c of bulk ZnO were determined
as a = 3:2498 A and ¢ = 5:2066 A [98]. The variance in the calculated lattice
constants a and ¢ are 3.1740.01 A and 5.2540.03 A, respectively. This is
within the bounds of known experimental measurements [99]. However, it has
been reported that the lattice parameters appear to decrease with increasing
in KOH electrolyte concentration [100]. This may be due to the lattice
contraction resulting from the presence of dangling bonds on the surface of
the ZnO films. Further work is needed to ascertain the trend with NaOH.

The ions on the surface of the ZnO films are incompletely coordinated and
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possess unpaired electrons. These dangling bonds (Zn?* and O?~ ions) form
an electric dipole, resulting in a parallel array of dipoles originating in the
boundary layer of each particle, which lies in this surface and experiences a

repulsive force.

Table 4.1: Effect of electrolyte concentration on the ZnO lattice parameters.

Estimated ZnO Parameters

Electrolyte 20 ¢ a
concentration

(M) (degrees) (A) (A)
0.4 36.350 5.94 2.85
0.5 36.360 4.94 2.85
0.6 34.453 5.23 3.21
1.0 34.396 5.27 3.20
2.0 34.186 5.29 3.10

4.2.2 Surface morphology by SEM

The results of SEM are shown in Figure 4.2. It can be seen that the shape
of ZnO nanoparticles grown on zinc-plate is nanoneedles with average particle
size in the range of 19 to 39nm. The orientation and particle sizes of these
nanoneedles are highly dependent on the electrolyte concentration. The higher
the concentration, the more oriented nanoneedles become. Figure 4.2 (a)
shows the rough surface of the zinc plate after the synthesis at 0.4M electrolyte
concentration. There is no trace of ZnO nanostructures. This is attributed to
the low formation of OH™ and low ionic conductivity of the electrolyte solution.
From the SEM images it is shown that the formation of nano-needle structures
starts at 0.5M concentration even though they are superimposed with a nano-
flake-like structure. Based on these observations, different samplings were
undertaken for consistency as shown in Figure 4.2 (b1l) and (b2). From this
samplings, it is apparent that the current distribution on the zinc plate was

not uniform. This is in agreement with our XRD pattern. However, these
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nano-flake structures break into nanoneedles as the concentration increases.
This is thought to arise because the higher concentration implies a higher ionic
conductivity and concentration of OH™ which then attack the rough surfaces
of the nano-flakes. Figure 4.2 (d) shows a low magnification SEM image of
the distribution of ZnO nano-structures on the zinc surface. Figure 4.2 (e)
shows the formation of clear, sharp-tipped nanoneedles. The length of the
obtained nanoneedles as a function of electrolyte concentration was estimated
and shown in Figure 4.3. The average nano-needle height is in a range of 780
nm to 2200 nm, which is an indication of good properties of nano needles [77].
Figure 4.3 suggests some dependence of the length of the nanoneedles on
electrolyte concentration for concentrations of 0.6M, 1.0M and 2.0M which are
above the apparent nano-needle formation threshold 0.5M. The data appears
to suggest an increasing nano-needle length with electrolyte concentration. A
more detailed study of the length variation with electrolyte concentration is
needed. However, Zhang et al [101] report that the morphology and size of
Zn0O nanorods can be tuned by adjusting the concentration of the electrolyte,
the electrodeposition duration and applied current density. They observed
that at fixed current density the diameters of the nanorods increased with
concentration and that when the electrolyte concentration is increased from
0.5 to 1M the shapes of the self-formed ZnO structures change from cone to
hexagon and attributed it to the higher growth speed of the ZnO seeds toward
radial direction under higher electrolyte concentration [101]. Similar results
of length dependence on electrolyte concentration were obtained by Zhu et

al [102].
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Figure 4.2: SEM micrographs at different electrolyte concentrations (a) 0.4M
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Chapter 5

Effects of annealing
temperature

5.1 Introduction

Over the past decades Zinc Oxide (ZnO) has drawn much research attention
due to its unique properties. For instance, it has wide band gap energy of
3.37eV and a large exciton binding energy of 60 meV [37,103]. It has good
transparency, high electron mobility of 22000 ¢cm2/(Vs) at 80 K [104] and
it is arguably the richest single semiconductor material in terms of variety
of one-dimensional (1-D) nanostructures such as nano-rods, nano-flakes and
nanoneedles [52,105-108]. These properties make this material a potential
candidate in many different optoelectronic applications such as solar cells,
wave guides, laser diodes and gas sensors [17,98]. The properties of ZnO
nanostructures are interesting because they differ substantially from those
of bulk ZnO. Different methods are currently employed to synthesize ZnO
nanostructures. Some examples of these methods are the sol-gel, hydrothermal,
chemical bath deposition (CBD) electro-deposition, microwave-assisted techniques,
chemical vapor deposition (CVD) and precipitation methods [8,17,98,99,108-
111]. XRD studies have shown that this method allows different nanostructures

to be obtained depending on the parameter of variation such as discharge
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time and type of electrolyte used. In this chapter, we investigate the effect of
annealing temperature on the samples synthesized over one hour discharging
time using the ZAC system. There is evidence in the literature to suggest
that annealing at high temperature potentially plays a number of roles. It is
reported that ZnO nanostructures synthesized at room temperatures remain
stable even at very high temperatures [99,109]. ZnO nano-structures continue
to exhibit a usable, wide band gap of ~3.13eV, a decrease of approximately
only 7 % of its room temperature band gap at a temperature of 1100°C [109].
This has a promising significance for future semiconductor devices at high
temperatures that are comparable to compound semiconductors like silicon
carbide with band gap energy of 3.23eV [112]. High temperature annealing
of ZnO nano-structures also appears to increase optical properties such as
photoluminescence [21], improved crystallinity [113]. Furthermore, annealing
at higher temperatures provides a mechanism for the substitution of a zinc
atom in the presence of an impurity in a process that is effectively akin to
doping ZnO [114]. However, it has also been reported by Hwang et al [115]
that annealing resulted in the deterioration of the photoluminescence spectra
of ZnO nano-structures when deposited on soda-lime-silica glass substrates
rather than zinc. Chin et al [116] have reported an increase in the intensity
of the ultraviolet (UV) emission intensity with annealing temperature and
dwelling time, in addition to increased crystallization [8, 116-118]. In this
chapter the effect of annealing temperature on the structure, morphology and
optical properties of the ZAC synthesized ZnO nanoneedles was investigated.
The primary aim of the investigation was to evaluate the effect of temperature
on the stability of nanoneedles particularly for the use of the nano-needle
structures for wide band gap, high temperature devices such as LEDs and a

variety of other sensing devices.
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5.2 Experimental

5.2.1 Synthesis and annealing

The samples were prepared as described in Chapter 4. The cell was then
discharged over one hour into a 470€) load resistor. After the discharge, the
zinc plate was removed and cut into several 1xlecm? pieces before annealing.
The pieces were placed into an alumina boat that was put in a box-type
furnace. The heating was done at different temperatures 400°C, 450°C, 500°C
and 600°C for 60mins. Annealing time is known to affect the extent to
crystallization [17,98]. The samples were then allowed to cool down naturally

back to room temperature prior to characterization.

5.2.2 Characterization

The structure of ZnO nanoneedles was determined using X-ray diffraction
(XRD, Bruker AXS D8 Advanced) with CuKCuK,, value of 1.5418A radiation.
The particle morphology and chemical composition of the samples were then
studied using a Joel JSM-9800F Field Emission Scanning electron microscope
(FE-SEM) equipped with a dispersive x-ray spectrometer (EDS). The optical

properties were studied using a Perkin-Elmer Lambda 950 UV-Vis spectrometer.

5.3 Results and discussion

5.3.1 Structural characterization

Figure 5.1 shows the XRD patterns of ZnO nanoneedles synthesized at different
concentrations. The diffraction peaks at scattering angle (26) of 31.8°, 34.4°,
36.3°, 47.5°, 56.5°, 62.7°, 66.3°, 67.9° and 69.0° correspond to the reflection
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from (100), (002), (101), (102), (110), (103), (200), (112) and (200) crystal

planes respectively. These reflections correspond to the standard card (JCPDS:

80-0075) of the hexagonal wurtzite ZnO structure. The other prominent

diffraction peaks in the figure are attributed to zinc, confirmed with the
JCPDS: 04-0831 standard card of hexagonal structured zinc. No impurities

were observed. Figure 5.2, suggests that as the temperature increases the
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Figure 5.1: XRD pattern of ZnO nanostructures synthesized at different

temperatures

diffraction peaks are narrower and exhibit a higher intensity, which further
suggests that the nanoneedles become more crystalline. This can be attributed
to the change in crystal size. The diffraction peak of (100) was used to plot
the graph of intensity versus annealing temperature. It is also found that
ZnO nanoneedles synthesized at 450°C gave the optimal intensity. Therefore,

majors were taken to estimate particle sizes. Debye-Scherrer equation (3.3.2)

was employed to determine the crystalline sizes of ZnO nanoneedles as discussed

in previous chapters.
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Figure 5.2: Effect of temperature on particle intensity

The crystallite sizes were found to be increasing with the increasing
temperature as shown in Figure 5.3, the average particle size was found to be
~25.56 nm. Thus temperature plays an important role in tuning the material
crystal sizes. However, the calculated particle size of ZnO nanoneedles synthesized
at 450°C gave the optimal particle size which is in agreement with FE-SEM
micrographs (Figure 5.4) and optimal intensity (Figure 5.2)

The lattice parameters a (0.327£0.02 nm) and ¢ (0.5662+0.02 nm) for
ZnO thin films annealed at different temperature were calculated using Miller
indices hkl (equation 4.2.1) and found to be consisted with the standard card
JCPDS:80-0075 with lattices a = 3:2498 A and ¢ = 5:2066 A. The variation
of lattice parameters caused by annealing temperature is shown in Table 5.1.
From the figure it is observed that as the annealing temperature increases
the lattice parameters decreases. The results of Ivetic et al [112] also depict a
general reduction in both lattice parameters when the temperature is increased

from 700° to 1100° although their work considers the effect of a magnesium
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Figure 5.3: Effect of temperature on particle size

impurity atom substituting a zinc atom at a higher temperature. The radius
of the magnesium atom is smaller than that of a zinc atom and this explains
the reduction of the lattice parameters. In this particular case the lowering
of lattice parameters is thought to be the effect of stress undergone by thin
film grains and may be due to a change in the nature and concentration
of the native imperfections [117]. This causes compression of the lattice
parameters. ZnO nanostructures may typically have a number of defects such
as oxygen vacancies, lattice disorders, etc. As a result of annealing these
defects are removed and the lattice contracts. Also lattice relaxation due to
dangling bonds should be taken into account. The dangling bonds on ZnO
surface interact with oxygen ions from the atmosphere and due to electrostatic

attraction, leading to a lattice that is slightly contracted [117,118].
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Table 5.1: Effect of annealing temperature on lattice parameters

Estimated ZnO Parameters
Annealing 20 ¢ a
temperature
(°C) (degrees) (A) (&)
25 31.4316 5.686 3.283
400 31.6567 5.666 3.271
450 31.5413 5.664 3.270
500 31.5543 5.649 3.261
600 31.6406 5.646 3.360

5.3.2 Surface and chemical composition characterization

Figures 5.4 (a-e) show the FE-SEM micrographs of ZnO nanoneedles annealing
from room temperature to 600°C. All the images show randomly orientated
nanoneedles with the preferred vertical orientation. Asthe temperature increases,
the nanoneedles appear to be tapered to a sharper end at the top. The average
nanoneedle length is in the range 538.1 nm to 1195 nm range, suitable for
optoelectronic applications such as solar cells, wave guides, laser diodes and
gas sensors and field emitters [119, 120]. Figure 5.5 shows EDS spectrum
measurements of the ZnO nanoneedles. It is clear that there are no impurities
from other materials besides carbon which can be attributed to either the
handling of the sample or as a result of post heating. However, in spite of the
EDS spectrum showing three peaks i.e. zinc, oxygen and carbon, the weight

percent of Zn, and O elements obtained from EDS is nearly stoichiometric.

5.3.3 Band gap estimation using UV-VIS spectrometer

Figure 5.6 shows the UV-Vis spectra of ZnO nanoneedles synthesized at different
annealing temperatures. The ZnO nanoneedles exhibit strong absorption
peaks in the range of ~360nm to 380nm, which is attributed to the electronic

transition of electrons from valence band to conduction band. This implies

o6



that ZnO nanoneedles are in the regime of spatial excitonic confinement compared
to bulk of ZnO. It is observed from the spectra that the absorbance of the
samples slightly decrease and the absorption edge slightly shift lower energy.
The red shift of the absorption peak could be due to the changes in band gap
as an effect of annealing temperatures. The optical absorption of direct band
gap ZnO nanoneedles was estimated using Kubelka-Munk function (equation

5.3.1) and Tauc’s relation (5.3.2) [120].
F(R)=((1 - R)*/2R) (5.3.1)

hv = ((F(R)) * hv)?) (5.3.2)

Where R is absolute reflectance of the sample layer, hv is photon energy
(h = Planck’s constant and v = frequency of the photon), n = 0.5, since
7m0 is a direct band gap semiconductor material. The optical band gap was
achieved by extrapolating the steep segment of the sliding curve in a plot of
((F(R)(hv))™ vs photon energy (hv) as shown in Figure 5.7.

The estimated band gap E, was found to be 3.29, 3.28, 3.3 and 3.3 eV for ZnO
thin films annealed at 400, 450, 500 and 600°C, respectively. It is observed
that the band gap roughly increase with increase in annealing temperature,
thought to be due to defects at higher temperatures [121]. There are other
factors that explain the increase in energy band gap. For instance the effect
of Oy absorption by the film and referred to as the Burstein-Moss (BM)
process [121,122]. Moustaghfir et al [122] have shown that defects such as
O/Zn ratio increases with annealing temperature which leads to variations
in the electronic properties. The average estimated optical band gap of ZnO
nanoneedles is ~3.3160.05eV. Therefore the average estimated optical band

gap of ZnO nanoneedles is ~3.3161+0.05eV.
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Figure 5.4: SEM images before/after annealing (a) before (b) 400 °C (c) 450
°C (d) 500 °C and (e) 600 °C
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Figure 5.5: Chemical compositions of ZnO nanoneedles
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Figure 5.6: UV-Vis absorbance spectra of annealed ZnO nanoneedles.
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Chapter 6

Conclusions

The zinc-air system has been investigated as a possible method of producing
ZnO nanoparticles on a zinc plate at room temperature using NaOH as the
electrolyte. The ZnO circuit profile shows open-circuit voltages in a range of
~1.2V for all the five different concentrations used. The surface morphological
and structural characterization confirms a layer of well-aligned crystalline
(ZnO) nano-needles with the particle size varies in a range of 19nm to 39nm.
The XRD spectrum shows no diffraction peaks of ZnO synthesized with 0.4M
and 0.5M thus following an amorphous nature. There is some correlation
between the formation of ZnO structures on the electrode and behavior of the
internal resistance and the available energy of the cell with the concentration of
the NaOH electrolyte. The variation of the internal resistance of the cell under
constant loading conditions is suggested as a possible tool to characterize the
useful power output of the cell and its effectiveness for specific applications.
Further work is needed to better quantify the effects of the formation of
the nano-products and others on the electrodes with respect to the charge
transfer performance of the ZAC. This is important for the application of
the ZAC cell to powering external devices. It is also interesting to quantify
the conditions under which electrical power is maximized with regard to the

formation of these products. Furthermore, the effect of annealing temperature
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on the structural, morphological and optical properties of synthesized ZnO
thin films was investigated using XRD, FE-SEM and UV-vis measurements.
XRD measurements indicated that the synthesized ZnO nano-needles exhibit
the hexagonal wurtzite structure with no impurities. An increase in height was
observed as an effect of annealing temperature. UV-Vis showed an increase
in band-gap as increase in heating temperature. Therefore, this method is
suitable for some important applications such as LEDs, UV photo detectors,
sensing and for other optoelectronic devices.

ZnO nanoparticles offer many advantages in various sectors of science
due to their unique properties observed at the nanoscale. Cheaper ways of
synthesizing this material will be a great advantage. In this study we have
investigated ZAC system as a feasible method of synthesizing ZnO nanoparticles.
However, our investigation open wide window for future work. ZnO is one
the riches semiconductor material in terms of nanostructures. Therefore, this
method should be investigated for the production of these nanostructures.
Further majors should be taken into account in future to understand the
surface interactions in the ZnO using different electrolytes. Techniques such
as FTIR, TEM and XPS should also be included to better understand surface
contamination on the zinc plate. The operating conditions should be also
adjusted to improve the ZnO crystal structure and maximize ZnO mobility.
This could lead to a substantial improvement of the electrical performance
of the cell as a standalone unit whose surface products and physics are well
understood. In undertaking this research so many research questions were
raised which we set out to answer. In attempting to answer these questions,
we devised a method to synthesize ZnO nanostructures and used various
techniques to characterize them. We were able to answer many of the initial

questions, but many new questions arose that promise further work. We learnt
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many new tools and techniques during this rewarding research. Finally, the
initial part of the work has been presented as a poster to the 59th Annual
conference of the South African Institute of Physics (SAIP2014) and was
awarded the best poster prize in the M.Sc category. Other aspects of the
work have been published in a high-impact scientific journal. Details of which

are given below.

6.0.4 Publications

1. T.D Malevu and R.O Ocaya 2014. Synthesis of ZnO Nanoparticles Using
a Zinc-Air Cell and Investigation of the Effect of Electrolyte Concentration,

Int. J. Electrochem. Sci., Vol. 9 (12) pp. 8011-8023.

2. T.D Malevu and R.O Ocaya 2015. Effect of Annealing Temperature
on Structural, Morphology and Optical Properties of ZnO Nano-Needles
Prepared by Zinc-Air Cell System Method, Int. J. Electrochem. Sci.,

Vol. 10 (2) pp. 1752-1761.

3. T.D Malevu and R.O Ocaya 2014. Poster presented at The 59th Annual
Conference of the SA Institute of Physics (SAIP2014), University of

Johannesburg. Best M.Sc poster award.
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