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Abstract
Synthesis of zinc oxide nanoparticles by a green process and the investigation of their
physical properties
T Nethavhanani
Magister Scientiae, Department of Physics, University of the Western Cape.
Zinc oxide (ZnO) is a wide and direct semiconductor with a wurtzite crystal structure. Its
multifunctionality as the ideal candidate in applications such as blue-UV light emitting
diodes, transparent conducting oxide, selective gas sensor and efficient catalyst support
among others, has attracted a significant interest worldwide. Nano-scaled ZnO has been
synthesized in a plethora of shapes. A rich variety of physical and chemical methodologies
have been used in the synthesis of undoped or doped ZnO. However, such methods either
necessitate relatively high vacuum infrastructures, elevated temperatures, or the use of toxic
reagents. The “green chemistry” synthesis of metal oxide nanoparticles which is based on
using natural plant extract as an effective ‘reducing agent’ of metal precursor, has been
reported to be a cleaner and environment-friendly alternative to the physical and chemical
methods. The thesis is based on the synthesis and the main physical properties of pure ZnO
nanoparticles synthesized by a completely green chemistry process using the natural extract
of Aspalathus Linearis to bio-reduce the zinc acetate precursor.

The obtained ZnO

nanopowdered samples were annealed at different temperatures from 300 °C to 600 °C. The
samples were characterized using Scanning Electron Microscopy, Energy Dispersive
Spectroscopy, Transmission Electron Microscopy, X-ray Diffraction, Differential Scanning
Calorimetry, Thermogravimetric Analysis and Fourier Transform Infrared. Highly pure
quasi-spherical ZnO nanoparticles with an average crystallite size of 24.6 nm (at 300 °C),
27.2 nm (at 400 °C), 27.6 nm (at 500 °C), and 28.5 nm (at 600 °C) were found. The results
also showed that the average crystallite size increased with an increase in annealing
temperature. It was successfully demonstrated that the natural plant extract of Aspalathus
Linearis can be used in the bio-reduction of zinc acetate dihydrate to prepare highly pure
ZnO nanoparticles.
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Abbreviations
ZnO

:

Zinc oxide

Zn(C4H6O4)·2H2O

Zinc acetate dihydrate

Zn(NO3)2·6H2O

Zinc nitrate hexahydrate

HCP

:

Hexagonal close packed

Al2O3 :

Aluminium oxide

MgO :

Magnesium oxide

CeO2 :

Cerium oxide

TiO2

Titanium dioxide

:

Fe2O3 :

Iron oxide

SnO

Tin oxide

:

TCO :

Transparent conducting oxide

GaN

Gallium nitride

:

TTFT :

Transparent thin film transistor

SEM :

Scanning Electron Diffraction

EDS

Energy Dispersive Spectroscopy

:

TEM :

Transmission Electron Microscopy

XRD :

X-ray Diffraction

FTIR :

Fourier Transform Infrared

DSC

Differential Scanning Calorimetry

:

TGA :

Thermogravimetric Analysis

LEDs :

Light emitting diodes

Al

:

Aluminium

Ga

:

Gallium

In

:

Indium

Cl

:

Chlorine
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I

:

Iodine

Li

:

Lithium

Na

:

Sodium

K

:

Potassium

Cu

:

Copper

Ag

:

Silver

N

:

Nitrogen

P

:

Phosphorus

As

:

Arsenic

PL

:

Photoluminescence

UV

:

Ultraviolet

FE

:

Free exciton

DLE

:

Deep level emission

DMSs :

Diluted magnetic semiconductors

TM

:

Transition metal

Sc

:

Scandium

V

:

Vanadium

Mn

:

Manganese

Eu

:

Europium

Gd

:

Gadolinium

Er

:

Erbium

O

:

Oxygen

H

:

Hydrogen

PVD :

Physical vapor deposition

CVD :

Chemical vapor deposition

RHEED

Reflected high energy electron diffraction
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Symbols
a / ao lattice constant
c / co lattice constant
Å

Angstrom

h

Planck constant

v

frequency

Eg

bandgap Energy

vo

Oxygen vacancy

vzn

Zinc vacancy

Oi

Oxygen interstitial

Zni

Zinc interstitial

𝛼a

in plane thermal coefficient

𝛼c

out of plane thermal coefficient

K

Kelvin

°C

degree Celsius

𝜅

Thermal conductivity

vs

velocity of sound

clattice lattice specific heat
TCH

Characteristic temperature

nm

nanometre

𝜇m

micrometre

𝜆

wavelength

d

spacing between planes

dH
dt

Heat flow
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Tg

Glass transition

Tc

Crystallization temperature

Tm

Melting temperature

F(𝜔)

Fourier transform

𝜔

angular frequency

r

path difference

f(r)

interferogram
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Chapter 1: Introduction
1.1 Background
Nanotechnology is a relatively recent development in scientific research. The inspiration for
the field dates long back to 1959, when Richard P. Feynman, an American physicist at
Caltech, lectured, “There is plenty of room at the bottom,” in one of his classes. He suggested
that scaling down to nano-level was the key to future technology and advancement [1].
Nanotechnology research henceforth has gained momentum in recent years by providing
fundamental and applied research prospects at the nanoscale for various fields which include
biomedical, materials science, astronomy and geology, amongst others [2]. Nanoparticles are
known to be materials with a diameter of less than 100 nm in size. Unlike their larger
counterparts, they have a reduced size associated with high surface/volume ratios that
increase as their size decreases [3]. As the particle size decreases to some extent, a large
number of constituting atoms is found around the surface of the particles, resulting in highly
reactive particles with distinguished physical, optical, chemical and electronic properties.
Hence, manipulation and control of the material properties is crucial [4].
Various types of nanoparticles such as metal oxides nanoparticles, polymer nanoparticles and
metal nanoparticles have been reported [5]. Metal oxide nanoparticles such as Al2O3, MgO,
ZrO2, CeO2, TiO2, ZnO, Fe2O3, SnO; are the most versatile materials due their diverse
properties and functionalities [6]. Amongst these nanoparticles, zinc oxide (ZnO), also known
as zincite has attracted much attention within the scientific community as a ‘future material’
and thus an important n-type semiconducting metal oxide [7].
Zinc oxide (ZnO) is characterized by its direct and wide band gap of 3.37 eV at room
temperature thus, enabling its use in optoelectronic applications such as light emitting diodes,
laser diodes and photodetectors. Most notable, among these properties is its high excitonic
binding energy of 60 meV at room temperature which makes it a promising material for
optical devices that are based on excitonic effects. Its effective piezoelectric property which
is generally used in sensors, transducers and actuators amongst others, has made it one of the
most studied oxides in its nano-form in the modern era [8]. Due to its strong luminescence,
ZnO has been proved to be a suitable material for phosphor applications [9]. Its high thermal
conductivity also makes it useful as an additive in materials and products including plastics,
rubbers, cement and ointments. Furthermore, the ZnO radiation hardness is important for
optoelectronic applications at high altitudes or even in space [10].
1
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Zinc oxide crystallizes in two main forms: hexagonal wurtzite and cubic zinc blende. The
wurtzite structure is mainly used in the thin film industry as a transparent conducting oxide
(TCO) [11], while the zinc blende structure can be formed as a metastable phase by means of
epitaxial growth on substrate with cubic lattice structures [12]. At ambient conditions, ZnO
has a similar wurtzite structure and optical properties as those of its main competitor Gallium
nitride (GaN). The big advantage over GaN is its availability of large single crystals and its
compliance to wet chemical etching. Other favourable aspects of ZnO include its broad
chemistry leading to many opportunities for low power threshold for optical pumping,
radiation hardness and biocompatibility. These properties make it an ideal candidate for a
variety of devices ranging from sensors through to ultra-violet laser diodes and
nanotechnology-based devices such as displays, the design and fabrication of small size
devices (i.e., transparent electrodes, window materials for displays and solar cells). The
prospect of using ZnO as an alternative to GaN in optoelectronics has driven many research
groups worldwide to focus on its semiconductor properties [13, 14].
ZnO probably has the most diverse nanostructures among all other materials, both in
structures and properties. Varieties of ZnO nanostructures such as nano-wires [15], nanobelts [16], nano-nails [17], flower-shaped [18], nano-rods [19], whiskers [20] , nano-combs
[21] and nano-bows [22] have been synthesized in a nano-size controlled manner in view of
targeted applications in electronic, photonic and spintronic devices. These nanostructures
have potential applications in fabricating functional advanced Nano electronic devices since
the behaviour of materials depends also on the crystal morphologies [23]. Nano-rods and
nanowires have recently attracted considerable attention towards scientific community
because of their novel properties and potential technological applications. They are widely
used in the field of catalysis, gas sensor, solar cell materials, antimicrobial materials and
optoelectronic devices [24]. The ZnO nano-belts are being used as nano-sensors, nanocantilevers, field effect transistors and nano-resonators [25]
A rich variety of physical (vapor-phase process) and chemical (solution phase)
methodologies have been used to synthesize undoped and doped ZnO. The vapor phase
process includes molecular beam epitaxy (MBE) [26], metal-organic chemical vapor
deposition (MOCVD) [27], sputtering method [28], pulsed laser deposition (PLD) [29],
thermal decomposition [30], and thermal evaporation and condensation [31] which is
favoured for the high quality of the ZnO final product. However, the physical method in
general requires a non-cost-effective vacuum based infrastructure whilst limited in terms of
2
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large-scale production. For the past years, the solution phase methods have been popularly
adopted to synthesize ZnO nanoparticles due to the low cost, superior uniformity and high
yield of nanoparticles [32]. Hitherto hydrothermal decomposition [33], solvothermal
decomposition [34], liquid ultra-sonication [35], free surfactant microwave [36], solid state
chemistry [37], solution plasma [38], electrochemical reaction [39], and sol gel process [40]
have been employed to synthesize nano-scaled ZnO. The chemical method has the
disadvantage of using organic solvents as reducing agents, which can be toxic as well as not
easy in treatment of the waste end product [41].
There is an obvious need to develop alternative nanoparticle synthesis methods which are
cost-effective and at the same time eliminate the use of toxic reagents in their synthesis
procedures. Thus, the “green nano-synthesis” methods are more favourable than the chemical
and physical methods of synthesis because of their eco-friendliness and compatibility for
pharmaceutical and other biomedical applications [42]. The green process approach uses
various microorganisms, enzymes, part of plants and plant extracts as reducing agents during
synthesis. Hence, hazardous wastes are kept out of the environment in the first place rather
than cleaning them up once they have been formed [43].
A large number of reports have been dedicated to greener synthesis of zinc oxide
nanoparticles [44 - 49]. Extracts from brown marine Sorgassum Myriocystum sea weeds,
Abus Precatorius seeds, Calotropis Gigantea leaves, Camellia Sinensis leaves, Azadirachta
Indica leaves, Ocimum Tenuiflorum leaves, Calatropis Procera milky latex, Agathosma
Betulina, etc. have been reported to produce highly stable ZnO nanoparticles of different
sizes ranging from 13 - 500 nm and shapes including spherical, hexagonal, rectangle, radical
and triangle.

1.2 Problem statement
Over the years ZnO nanoparticles have gained global interest, because of their interesting
properties such as a wide and direct band gap, high thermal stability, large exciton binding
energy, strong luminescence. Thus, making ZnO nanoparticles suitable to be used as an
additive in numerous materials and products such as rubbers, paints, ointments, adhesives,
batteries, and sealants [50].

3
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Despite the progress, the ongoing interest of ZnO nanoparticles in the emerging applications
for transparent electrodes, transparent thin film transistors (TTFT) chemical sensors, laser
diodes, light emitting diodes (LEDs), water purification, solar cell, gas sensors and
transparent electrode technologies, has raised major challenges that are still in need of further
investigation. Such challenges include controlling the electrical conductivity of ZnO,
achieving reproducible p-type ZnO, and the cause of the unintentional n-type conductivity
that is observed in as-grown ZnO thin films.
Currently, investigations on the ‘green’ synthesis method of ZnO nanoparticles are being
studied as an alternative to the chemical and physical methods which are non-compatible,
toxic and costly. Unlike these methods, the ‘green’ synthesis method is a compatible, ecofriendlier and cheaper approach.

1.3 Aims and objectives
The aim of this research work is to make a literature survey on ZnO nanoparticles and their
properties using the “green chemistry” synthesis approach. More specifically, the focus will
mainly be on using the Aspalathus Linearis’s natural extract as a reducing agent in the ZnO
synthesis. The annealing temperature has been reported to contribute to the fabrication of the
ZnO nanoparticles, the shape of the crystalline grain, the life-time of the charge carriers and
the conduction type of the material; therefore it is an essential task to be investigated.
The main objectives of the study are:


To synthesize high quality zinc oxide (ZnO) nanoparticles by an entirely green
chemistry process using the Aspalathus Linearis’s extract as an effective chemical
reduction agent without addition of any acidic or basic standard medium



To report on the effect of the annealing temperature on the stability, structural,
electrical and optical properties of the synthesized nano-scaled ZnO nanoparticles by
using characterization techniques such as the Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDS), Transmission Electron Microscopy
(TEM), X-ray Diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR), as
well as Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA) characterizing techniques.
4
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1.4 Thesis layout
Chapter 1: provides a brief background on the study as well as a motivation for the present
study.
Chapter 2: highlights the basic properties of ZnO such as its crystal structure, encompassing
lattice parameters, electronic band structure, electrical properties, magnetic properties, optical
properties and thermal properties. This chapter also provides an overview of the various
applications of the ZnO nanoparticles.
Chapter 3: provides an overview of the various synthesis methods for obtaining ZnO
nanoparticles.
Chapter 4: provides description of the methods and materials used in the course of the study,
as well as an overview of the characterization techniques employed to analyse the zinc oxide
nanoparticles.
Chapter 5: covers the results obtained from the synthesis of the ZnO nanoparticles. It
provides in particular the nano-scaled ZnO’s morphology, chemical composition, crystallinity
as well as thermal properties.
Chapter 6: presents the summary of the results obtained and the future work.
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Chapter 2: ZnO Properties and Applications
In this chapter, the basic properties of ZnO such as its crystal structure, lattice parameters,
electronic band structure, electrical properties, optical properties, magnetic properties and
thermal properties will be discussed. Furthermore, the chapter will give an overview of the
ZnO’s principal applications.

2.1 Crystal structure
ZnO is a group II –VI binary compound semiconductor which usually crystallizes in either
three forms: hexagonal wurtzite, cubic zincblende, and cubic rocksalt (or Rochelle salt) as
schematically shown in Figure 2.1. The zinc blended ZnO symmetry can be stabilized only
by growth on cubic substrates whereas the rocksalt or Rochelle salt may be observed at
relatively high pressures [1]. The crystal structure of ZnO at the nanoscale is wurtzite and
hence is the most common form at ambient conditions. It is non-centrosymmetric (has no
inversion symmetry), and due to this, the ZnO crystals have piezoelectricity and
pyroelectricity properties [2].

Figure 2.1: Models showing (i) the rocksalt, (ii) zinc blende, and (iii) wurtzite crystal
structures of ZnO [3].
The ZnO wurtzite structure has a hexagonal unit cell with two lattice parameters a = 0.329
nm and c = 0.520 nm in the ratio of c/a = 1.633. The ZnO wurtzite structure belongs to the
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space group C46V in the Schoenflies notation and P63mc in the Hermann-Mauguin notation
[4]. Figure 2.2 clearly shows the structure composed of two interpenetrating hexagonal close
packed (hcp) sublattices, (where O2- and Zn2+ ions are tetrahedrally-coordinated with each
other). Each sublattice consists of one type of atom (Zn or O) displaced with respect to each
other along the threefold c-axis by the amount of u = 3/8 = 0.375 (in an ideal wurtzite
structure) in fractional coordinates [1, 5]. Also, each sublattice includes four atoms per unit
cell, and every group II atom is surrounded by four atoms of the group VI atom, or vice
versa. The oppositely charged ions produce positively charged Zn-(0001) and negatively
charged O-(000-1) surfaces resulting in a normal dipole moment and spontaneous
polarization along the c-axis as well as a divergence in surface energy. Many ZnO properties
such as growth, etching, defect generation and plasticity, spontaneous polarization and
piezoelectricity depend on its polarity [6].

Figure 2.2: Representation of (i) ZnO wurtzite crystal structure, (ii) atomic structure of
wurtzite-closed circle, open circle, and thick solid line represent cation, anion, and projection
of two bonds, respectively [7].
The pairs of cation and anion atoms in the wurtzite structure (connected by dashed lines
along the [0001] direction in Figure 2.2 (ii)) are attracted to each other by electrostatic force.
It is considered that these electrostatic interactions make the wurzite-ZnO to be more stable
than the zincblende-ZnO. Besides the (0001) polar plane which is associated with the
direction <0001> commonly used for growth, many other ZnO secondary planes and
directions exist in the crystal structures [8].
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2.2 Electronic band structure
ZnO exhibits a wide band gap of approximately 3.3 eV at room temperature [9]. Electronic
band structure describes the range of energies that an electron within the solid may have
(called energy bands) and ranges of energy that it may not have (called band gaps). Figure 2.3
shows a simplified energy band diagram used to describe semiconductors. The band gap
represents the minimum energy difference between the top of the valence band (full state)
and the bottom of the conduction band (empty state). Since for ZnO the valence band and the
conduction band edges occur at the same value of the electron momentum as shown in Figure
2.4, the material is called a direct band gap semiconductor [10, 11].

Figure 2.3: Schematic diagram showing the electronic band structure of a semiconductor
[12].
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Figure 2.4: A schematic representation of the valence and conduction band curves of energy
vs. crystal momentum for a direct and indirect semiconductor. The minimum energy of the
indirect band gap has an offset crystal momentum from the valence curve [13].
Incident photons excite electrons from the valence band to the conduction band given that the
energy of the photon exceeds that of the band gap of the semiconducting material. When
these electrons fall from the conduction band to the valence band, they emit the electronic
transition energy into the range of visible light. This creates an electron-hole pair (hole in the
valence band, electron in the conduction band) that may move freely, thus generating
electricity as a result of moving charges [14]. Hence, light emitting devices such as lightemitting diodes (LEDs) and semiconductor lasers that emit in the visible spectrum, or even
produce ultraviolet emission are made. Wide band gap semiconductors are a useful property
in high-power applications that require large electric fields. A higher energy gap gives
devices the ability to operate at higher temperatures, and for power switching applications
[15, 16].
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2.3 Electrical properties
ZnO mostly exists as an n-type semiconductor, whose frequently observed unintentional ntype conductivity was supposedly believed to be due to the existence of native point defects
attributed to the oxygen vacancies and Zn interstitial ions which act as donors in the ZnO
lattice [17]. Recent studies indicate that oxygen vacancies are actually deep rather than
shallow donors and cannot cause the observed n-type conductivity [18]. The course would be
related to the unintentional incorporation of donor impurities that act as shallow donors, with
hydrogen being a likely candidate. It has been confirmed that both the interstitial and
substitutional hydrogen act as shallow donors in ZnO [19]. The interstitial hydrogen forms a
strong bond with O in ZnO, and acts as a shallow donor contrary to its amphoteric behaviour
in controversial semiconductors and diffuses easily. Interstitial hydrogen prefers sites where
it can strongly bind to an oxygen atom, forming an O-H bond length of 0.99 - 1.01 Å, as
shown in Figure 2.5(a) and (b). On the other hand, the substitutional hydrogen on an oxygen
site (shown in Figure 2.5(c)) diffuses easily and can alternatively be regarded as a complex
consisting of hydrogen and an oxygen vacancy [20, 21].

Figure 2.5: Ball and stick model of the relaxed atomic positions of interstitial hydrogen: (a)
at the bond-centre site parallel to the c axis; (b) at the antibonding site perpendicular to the c
axis; (c) at the substitutional oxygen site [22].
2.3.1 Defects and doping in ZnO
Controlling the electrical conductivity of oxide nanostructures is an important step toward
their application in electronics and optoelectronics - for fabrication of high performance solar
cells and ultraviolet detectors. In order to achieve the potential offered by ZnO, both high
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quality n-type and p-type are necessary [2, 19]. Great progress has been made in the control
and understanding of n-type doping and conductivity of ZnO yet reliable p-type doping of
ZnO still remains difficult. Controlling the n-type conductivity is a necessary step toward
achieving p-type conductivity in ZnO. The energy positions and concentrations of shallow
and deep donors have been identified and are being used as the basis to explore p-type
conductivity [19, 23].
2.3.1.1 n-type dopants
Excess zinc is always found in ZnO (this is due to its wurzite structure), as a result, ZnO is a
non-stoichiometric compound and an n-type semiconductor. As previously discussed, the ntype conductivity of unintentionally doped ZnO has been proven to be due to hydrogen,
which is valid since hydrogen is always present in all growth methods and easily diffuse into
ZnO in large amounts due to its large mobility. Group III elements (Al, Ga, In) as
substitutional elements for Zn and group VII elements(Cl and I) as substitutional elements for
oxygen, used as dopants have resulted in highly conductive ZnO films [2, 24 - 29].
2.3.1.2 p-type dopants
ZnO is easily n-type doped but when it comes to p-type doping, there is still some difficulty.
The candidates for acceptor impurities include group I elements: Li, Na, K, Cu and Ag and
group V elements N, P and As. However many of these form deep acceptors and do not result
in p-type conduction at room temperature. Lyons et al. reports on how N, which has been
regarded as the most promising p-type dopant in ZnO, has recently been shown to act as a
deep acceptor with an ionization of 1.3 eV [24]. Many reports on p-type ZnO have appeared
in literature [30 - 32], however their reliability and reproducibility are still questionable.
Current limitations to p-doping do not limit electronic and optoelectronic applications of
ZnO, which usually require junctions of n-type and p-type material. Announcements about ptype ZnO have been made; hence this material could be potentially important for tunneljunction interconnects in tandem-junction solar cells as well as for optically transparent
transistors [33].
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2.4 Optical properties
Optical transitions in ZnO have been studied by a variety of experimental techniques
including

optical

absorption,

reflection,

photoluminescence,

transmission,

cathodoluminescence, etc. [34]. At room temperature the photoluminescence (PL) spectrum
of ZnO typically consists of a UV emission band and a broad emission band. Luminescence
is light emission by any process other than heating. Luminescence in semiconductors is the
direct result of electron transitions from higher to lower energy levels. Figure 2.6 shows a
simplified band structure of a semiconductor near the centre of the first Brillouin zone where
a material with band gap energy Eg is irradiated by light or heat with energy hv > Eg,
resulting in the excitation of an electron. The electron and hole thermalize to the lowest
energy state of their respective bands via photon emission. Before recombining across the
fundamental band gap or defect levels within the band gap, they emit photons of the
corresponding energies [35].

Figure 2.6: Band diagram illustrating different processes that make up the
photoluminescence spectra, excitation relaxation and recombination in k-space [35].
The optical properties of a semiconductor are associated with both intrinsic and extrinsic
effects. Intrinsic effects take place between the electrons in the conduction band and the holes
in the valence band, including excitonic effects caused by the Coulomb interaction. Extrinsic
effects are related to dopants/ impurities or point defects and complexes, which usually create
electronic states in the band gap and therefore influence both optical absorption and emission
18
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processes. Both intrinsic and extrinsic processes can effectively studied by analysing the PL
(photoluminescence) spectra. At room temperature the PL spectrum from ZnO typically
consists of a UV emission band and a broad emission band as shown in Figure 2.7. The UV
emission band is dominated by free exciton (FE) emission related to a near band-edge
transition of ZnO, namely the recombination of the free excitons and is associated with
intrinsic effects.. The broad emission band between 420 - 700 nm, is observed in all small
samples regardless of the growth conditions called Deep Level Emission (DLE) band. This
band has previously been attributed to several defects in the crystal such as O-vacancy (Vo),
Zn-vacancy (Vzn), Oxygen-interstitial (Oi), Zn-interstitial (Zni) and substitutional Cu.
Recently, this deep level emission band has been identified to be contributed by two different
defect origins: Vo and Vzn [34, 35].

Figure 2.7: A typical PL spectrum of ZnO nanorods with the excitation wavelength
of 350 nm [34].
ZnO’s large exciton binding energy (~60 meV) paves the way for the intense near-band-edge
excitonic emission at room and higher temperatures. As a result, laser operation based
excitonic transitions are expected.
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2.5 Magnetic properties
Diluted magnetic semiconductors (DMSs) are nonmagnetic semiconductors in which a small
fraction of host cations are replaced by transition metal or rare-earth ions, with both spin and
charge degrees of freedom in a single material. The group III–V and II–VI diluted magnetic
semiconductors have attracted much interest in recent years and have been under intense
research. This is due to their potential applications in spin-based multifunctional electronic
devices such as ultraviolet absorbers, optoelectronics, gas sensors, non-volatile memory
devices, and quantum computer. Of all the oxide diluted magnetic semiconductors, the
transition metal (TM) doped ZnO has been identified as a promising one, because the host
material ZnO, is a chemically and thermally stable type II–VI compound semiconductor.
ZnO, like GaN, has been predicted to retain its ferromagnetism at room temperature in
contrast to other DMSs such as GaAs and ZnTe [36]. Generally, 3d transition-metal ions
(such as Sc, Ti, V, Mn etc.) and rare earth elements (e.g. Eu, Gd, Er, etc.) have partially filled
f states which are substituted for the cations of the host semiconductors. Even in the absence
of transition metal doping, pure ZnO and TiO2 nanoparticles show ferromagnetism above
room temperature due to oxygen deficiency [37]. Mn-doped GaN and Mn-doped ZnO have
been intensively studied however, the origins of their ferromagnetism are still not fully
understood [38]. They have been controversies about the origins of ferromagnetic ordering to
be due to a change of electronic band structure, a carrier-induced mechanism, or an oxygenvacancy-stabilized metastable ferromagnetic phase [39].

2.6 Thermal properties
The thermal properties of a semiconductor determine the response of the material to
temperature changes. These properties depend on the ambient temperature and the ultimate
temperature limit which is 1975 K for ZnO. The thermal properties of wurtzite ZnO include
its thermal expansion and thermal conductivity [1].
2.6.1 Thermal expansion coefficients
The thermal expansion coefficients of a material are defined as αa and αc (for in and out of
plane cases, respectively) and describe lattice deformation as a function of temperature. For
ZnO, these coefficients are given as αa = 4.31 × 10−6 K-1 and αc = 2.49 × 10−6 K-1 at 300 K.
Figure 2.8 shows the results of the temperature dependence on the lattice parameters of ZnO
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employed in the range 4.2 – 296 K using the X-ray powder diffraction method. In order to
analyze the dependence of the lattice parameter on temperature, fourth order polynomials
were fitted by using the least square method, giving a minimum for ao at 93 K. The co
parameter doesn’t give any minimum, probably due to its low precision and uncertainty in the
measurement [1, 2, 22].

Figure 2.8: Thermal expansion of ZnO in the c-plane and along the c-axis as a function of
temperature, also shown is the thermal expansion coefficient of polycrystalline ZnO [1].
2.6.2 Thermal conductivity
ZnO, like most semiconductors, contains a large number of point defects that have a
significant effect on the thermal conductivity. Thermal conductivity ( 𝜅) is influenced by the
vibrational, rotational and electronic degrees of freedom and is predominately limited by
phonon-phonon scattering in a pure crystal. This property is extremely important when high
power or high temperature electronic and optoelectronic devices are considered. The lattice
contribution (phonon scattering) to the thermal conductivity is obtained from the kinetic
theory as
1

𝜅lattice (T) = 3vs Clattice (T) L(T)

(2.1)

where T is the temperature, vs is the velocity of sound (almost independent of temperature),
clattice (T) is the lattice specific heat, and L(T) is the phonon mean free path. In almost all
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materials, 𝜅(T) first increases with temperature, reaches a maximum (𝜅max) at some
characteristic temperature TCH, and then decreases. Figure 2.9 shows the measured thermal
conductivity of a fully dense sintered ZnO sample heated from room temperature to 1000 °C.
The thermal conductivity decreases from decreases from 37 to 4 Wm-1K-1 as the temperature
is increased from room temperature to 1000 °C [1, 22].

Figure 2.9: Thermal conductivity of fully sintered ZnO heated from room temperature to
1000 °C [1].

2.7 ZnO applications
ZnO is a very old technological material since it dates back to the late 1800’s when its white
powder was used in water colours and oil based paint [40]. ZnO nanoparticles have been
paid attention to because of their unique properties. What has captured most of the attention
in recent years is the fact that ZnO is a semiconductor with a direct band gap of
approximately 3.4 eV, which in principle enables optoelectronic applications in the blue and
UV regions of the spectrum including light emitting diodes, laser diodes and photodetectors.
Its free exciton binding energy of 60 meV allows ZnO’s efficient excitonic emission to
persist at room temperature and higher, thus making it a promising material for optical
devices that are based on excitonic effects. Due to its strong luminescence in the green-white
region of the spectrum, ZnO is a suitable material for phosphor applications such as vacuum
fluorescent displays and field emission displays. The high thermal conductivity and high
catalytic efficiency of ZnO makes it useful as an additive in rubber (to increase the thermal
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conductivity of tires), ceramic processing, waste treatment, and in the manufacture of
sunscreens [18 - 22]. In fact, ZnO offers better protection and improved opaqueness as it can
absorb both UV-A and UV-B radiation unlike its competitor, TiO2 which can only block UVB radiation. Thus, it contributes to various hair and skin care products such as powders and
creams that protect the skin by absorbing the sun’s harmful UV rays and promote healing.
Also, ZnO enhances effectiveness of ointments, deodorants, soaps and anti-dandruff
products. ZnO has been reported to have strong sensitivity toward presence of adsorbed
species, making it applicable as a cheap smell sensor capable of detecting the freshness of
foods and drinks [41]. ZnO has also attracted attention due to the possibility of making thinfilm transistors on flexible substrates with high electron mobility when compared with
amorphous silicon or organic semiconductors and is a well-known suitable candidate for the
TCO layer of the thin film compound solar cells [42, 43].
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Chapter 3: Synthesis methods
Nanoparticles are known as the fundamental building blocks of nanotechnology, a study
dedicated to materials sized from 1 to 100 nm [1]. As a result, the synthesis of many
nanoparticles has become an important component in nanoscale science and engineering.
Amongst them, zinc oxide (ZnO) nanoparticles are of great interest due to several favourable
properties including good transparency, high electron mobility, wide band gap, and roomtemperature luminescence. A wide range of nanoparticles in the form of colloids, clusters,
powders, tubes, rods, wires, thin films, etc. can be prepared by a variety of methods [2].
This chapter focusses on some of the commonly used methods for preparing ZnO
nanoparticles and also discusses the advantages, disadvantages, as well as limitations
associated with the different methods.
Nanoparticle synthesis is divided broadly into two categories: “top-down” and “bottom-up”
methods. The top-down approach begins with a bulk piece of starting material and then
reduces it to the nano-sized dimension, whereas the bottom-up approach starts from atomic or
molecular levels and assembles them into larger particles. These synthesis methods are
further broadly classified into physical, chemical and green chemistry methods as shown in
Figure 3.1 [3, 4].
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Figure 3.1: The different synthesis methods for growing nanoparticles [5].

3.1 Physical methods
The physical synthesis approach includes a variety of methodologies (as shown in Figure 3.1)
which are favoured for their high quality ZnO nanoparticles. These methodologies include
ball milling, physical vapor deposition, thermal evaporation, sputter deposition, molecular
beam epitaxy, laser ablation, chemical vapor decomposition, thermal evaporation and
condensation, amongst others [6]. However, this methods necessitate high vacuum and high
temperatures which not only require special attention by operating personnel but also a
cooling water system to dissipate large heat loads [7, 8].
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3.1.1 High Energy Ball Milling
High Energy Ball Milling, also known as mechanical alloying, is a process where a powder
mixture of micron size is placed in the ball mill and subjected to high energy collision from
the balls. As containers are rotating at a few hundred rounds per minute (rpm), the material is
forced to the walls and is pressed against the walls as illustrated in Figure 3.2, thus,
producing fine, uniform dispersions of oxide particles. The milling process can be carried out
using different apparatus such as attritor, planetary mill or a horizontal ball mill [2, 9, 10].

Figure 3.2: Schematic view of the motion of the ball and the powder mixture [9].
Amikhanlou et al. [11] reports on using the high energy planetary ball milling to obtain
spherical ZnO nanoparticles with a crystallite size of 5 nm and a particle size of about 60 nm
from milling commercial ZnO with an average particle size for 8 hours. The milling was
carried out at a rotation speed of about 300 rpm in air and at room temperature. Similarly,
Salah et al. [12] obtained spherical ZnO nanoparticles using a high energy horizontal
oscillatory mill carried out at a similar speed of 300 rpm in ambient temperature. Their
commercial ZnO nanoparticles (size ~0.6 – 1 𝜇m) was milled for different times ranging
from 2 to 50 hours.
Advantages of the ball milling method [2, 5]
I.
II.

Simple and efficient.
Formation of alloying phase at low temperature.
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Disadvantages of the ball milling method [13, 14]
I.
II.
III.

Powder impurities from the balls added during the milling.
High energy requirement.
Extensive long period of milling time.

3.1.2 Physical Vapor Deposition
Physical Vapor Deposition (PVD) process, often called thin film process, is a collective set of
processes used to deposit thin layers of material. This technique basically involves the
vaporization of the material from a solid or liquid source through a high temperature vacuum
and transportation of the vapor in vacuum to the substrate surface, where it is condensed onto
the substrate to generate thin films [15, 16]. These fundamental steps are shown in Figure 3.3.
PVD process can be divided into two most common processes, namely, thermal evaporation
and sputtering. In both processes, the resulting vapor phase is subsequently deposited onto
the desired substrate through a condensation mechanism [17].

Figure 3.3: Schematic diagram of the thermal evaporation system [18].
3.1.2.1. Thermal evaporation
Thermal evaporation involves vaporizing the condensed or powder material (source) at an
elevated temperature and then condensing the resultant vapor phase to form the desired
product. The process takes place inside a low pressure vacuum chamber as shown in Figure
3.3. The high purity source materials contained in a quartz boat are placed in the middle of
the furnace, the highest temperature region. The substrates for collecting the desired
nanostructures are placed down-stream following the carrier gas. During the experiment, the
source materials are vaporized at the high temperature and low pressure region. The vapor is
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then carried by the inert carrying gas such as argon or nitrogen down to the lower temperature
region, where the vapor gradually becomes supersaturated. The reaction temperature and
pressure are held for a certain period of time to vaporize the source material and achieve a
reasonable amount of deposition. Table 3.1 summarises the synthesis conditions used to
synthesis various ZnO nano-structures by the thermal evaporation method [19, 20].
Table 3.1: Thermal evaporation synthesis conditions and morphology characteristics of ZnO.
Nanostructure

Source

Substrate

material

Evaporation

Carrier gas

temperature

Diameter

Reference/s

(nm)

(oC)
Nanorods

Zn granule

ZnO/Si(10

600

Ar/O2

50

[21]

1300

Ar

30 - 100

[22]

960

Ar

260 - 350

[23]

1050

Ar/O2/H2

20 - 100

[24]

0)

Nanowires

Nanobelt

Zn/ZnO

Si(111)

powders

wafers

ZnO

Au coated

powder

Si(100)

ZnS

Si

powder

3.1.2.2. Sputtering
Sputtering is a special type of PVD process. In sputtering, the target material and the
substrate is placed in a vacuum chamber. A voltage is then applied between them so that the
target is the cathode and the substrate is attached to the anode, as shown in Figure 3.4. A
plasma is created by ionizing a sputtering gas (usually Argon). The sputtering gas bombards
the target and sputters off the material of interest [25]. The different types of sputtering power
sources that are used to bombard the target material to sputter the atoms are summarised in
Table 3.2. Ghafouri, et al. [26] reports on fabricating crystalline ZnO nano grains (in the
range 50 - 100 nm) on glass substrates and ZnO nanoparticles (in the range 40 - 150 nm) and
nanorods (with diameter of 60 nm and length of about 650 nm) on silicon substrates by RF
sputtering. Similarly in 2014, Rashid et al. [27] used the low temperature Radio Frequency
(RF) sputtering deposition method to synthesize ZnO thin films over glass substrate. The
produced thin film with a thickness of 200 nm was used as a catalyst for the photodegradation
of 2-chlorophenol (2-CP).
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Figure 3.4: Schematic diagram of the Sputtering process. Argon is ionized by a strong
potential difference. After impact the target atoms are released and travel to the substrate
where they form layers of atoms in the thin film [28].

Table 3.2. Various types of sputtering magnetrons power sources [29 - 35].
Power source

Explanation

Limitations

Direct Current (DC)

Usually used with electrically

Coatings which are non-conducting

Sputtering

conductive target materials like

(insulating materials) cause a build-

metals

up of charge on the target surface
once the insulating layer has been
established

Radio Frequency Magnetron

Mainly used to sputter thick

Have a low deposition rate due to

Sputtering (RF-MS)

electrically insulating target

lack of secondary electrons for gas

materials such as ceramics

ionization

Particularly used for reactive

Transients are more severe

Pulsed DC Sputtering

dielectric compounds essentially
impossible with straight DC
Mid Frequency Alternating

Used for depositing non-

Substrate heating higher compared

Current (MD AC)

conductive thin film coatings

to DC sputtering

Sputtering
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Advantages of the Sputtering Process for Deposition [35, 36]:
I.
II.

Replication of target composition in the deposited films is achievable.
Materials with very high melting point are easily sputtered.

III.

Sputtered films usually have a better adhesion on the substrate.

IV.

Deposition of a wide variety of metals, insulators, alloys and composites are possible.

V.

Capable of in-situ cleaning prior to film deposition by reversing the potential on the
electrodes.

Disadvantages of the Sputtering Process for Deposition [37]:

I.
II.
III.

Difficult to deposit uniformly on complex shapes, e.g. turbine blades.
Localization of the plasma over the substrate tends to be built into the growing film.
High performance thick coatings are hard to produce due to high internal residual stress
levels.

IV.

Undergoes substrate damage and materials (such as organics) degradation due to ion
bombardment.

3.1.3 Molecular Beam Epitaxy (MBE)
This is a modified evaporation method which takes place in an ultra-high vacuum system of
~10-8 – 10-12 Torr. Elements such as gallium and arsenic in their ultra-purest form are
separately heated in the source cells referred to as Knudsen effusion cells. The molecular
beams generated from these source cells are incident upon a heated substrate which can be a
semiconductor material for instance: silicon, germanium, or gallium arsenide, as shown in
Figure 3.5. The arriving constituent atoms condense and build up (grow) on the substrate
under kinetically controlled conditions, producing ultra-thin layers one atomic layer at a time.
The Reflected High Energy Electron Diffraction (RHEED) technique is incorporated to
monitor the crystallinity of the growing film [38, 39].
Asgar et al. [40] presented a study on MBE-assisted synthesis of ZnO nanorods. ZnO layers
of ~1 𝜇m were grown on a p-type silicon wafer at a temperature of 300 °C. This resulted in
ZnO nanorods which were 100 nm in length. They further studied the properties of the p-n
junction observed between Si/ZnO, which showed n-type conductivity with a carrier
concentration of
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Figure 3.5: Schematic diagram of molecular beam epitaxy showing the evaporation of atoms
or molecules from two different sources onto a heated substrate [42].
1×1015 cm-3. Wang et al. [41] investigated the influence of Mg concentrations on the
structural, optical and electrical properties of single and multiple (three) ZnO/ZnMgO
quantum wells grown on sapphire by MBE. The investigation revealed that the thicker first
ZnMgO barrier layer accumulated larger compressive stress to achieve higher quality
ZnO/ZnMgO quantum well. They also found out that the multiple quantum well (MQW)
structure increased the light emission efficiency of the sample.
Advantages of using the MBE method [43, 44]:
I.
II.
III.

Has a very low defect concentration.
Extremely thin films can be fabricated in a very precise controlled way.
Has the ability to make high quality semiconductor crystals from a number of
different elements, instead of from a single element.

Disadvantages associated with the MBE method [43, 45]:
I.
II.

Complex and expensive setup.
It is a slow method with a crystal growth rate of usually a few microns per hour.

3.1.4 Laser ablation
In the Laser ablation method, vaporization of the material is achieved by using pulses of laser
beam of high power. A typical schematic diagram of the laser ablation is shown in Figure 3.6.
The high powerful beam of the laser induces large light absorption on the surface target, thus
vaporizing the material on the surface (substrate) into a smoke particulate debris called laser
plume [46, 47].
36

http://etd.uwc.ac.za/

Figure 3.6: Laser ablation schematic diagram [48].
In order to achieve an efficient high purity synthesis, the laser ablation of a solid target is
generated in liquid dispersions. The substrate ablated by a pulsed laser beam in a liquid
medium releases nanoparticles that are stabilized by the surrounding medium against
agglomeration and contamination originating from unreacted educts [48]. The synthesis of
hexagonal rod-like nanostructures was achieved by Ishikawa et al. [49] by irradiating a
harmonic Nd:YAG laser operated at 10 Hz at a pulse width of 7 ns on a Zn metal plate
immersed in deionized water with a temperature of 80 oC. Conversely, Usui et al. [50]
irradiated a Zn metal plate immersed in a cationic surfacant with the Nd:YAG pulse laser at
10 Hz and a pulse width of 5 - 7 ns to obtain spherically shaped ZnO nanoparticles with an
average diameter of 38 nm. Singh, et al. [51] synthesized ZnO nanocrystals by combination
of pulsed laser ablation of a piece of zinc metal in an aqueous media of anionic Sodium
dodecyl sulfate (SDS) with simultaneous flow of pure oxygen. The piece of metal was
irradiated with a second harmonic of a pulsed Nd:YAG laser operated at 10 Hz.
Advantages of using the laser ablation method [52, 53]:
I.
II.
III.

There is no need for solvents and harsh chemicals.
Doesn’t have pattern or geometry limitations.
Ablation can be combined with other laser processes for a complete manufacturing
solution.

IV.

Direct elemental analysis of large variety samples.

Disadvantages of using the laser ablation method [5, 13, 54]:
I.
II.

Low production rate.
High energy consumption.
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III.

Is an expensive and uneconomical method.

IV.

Difficult to obtain uniform and stable nanoparticles.

3.2 Chemical methods
The chemical method is also known as the bottom-up approach. The wet chemical method
generally refers to a group of methods that use the liquid phase at one of the process stages.
These methods include sol gel, hydrothermal decomposition, solvothermal decomposition,
liquid ultrasonication, free surfactant microwave, solution plasma, electrochemical reaction,
and solid state chemistry [2]. In some of these methods, nanoparticles are obtained as
colloidal particles in solutions, which can be filtered and dried to obtain powder. Depending
on the chemicals used and reaction conditions, particles of different shapes and sizes at lower
temperatures are easily obtainable from these chemical methods [10, 55, 56].
3.2.1 Sol-gel
The sol-gel technique is one of the attractive and versatile wet chemical method. Sol-gel
method involves the formation of solid particles in a liquid called sol, followed by the
crosslinking of the ‘sol’ to form a continuous network of particles (enclosed with liquid)
called a gel. The most commonly used precursors are the metal alkoxides, which are
compounds whereby a metal is bonded to one or more alkyl groups through an intermediate
oxygen atom. Other precursors that serve as sol forming constituents include metal organic
compounds, salts of inorganic acids and salts of organic acids [2, 10, 57].
A typical sol-gel process, as the one shown in Figure 3.7, generally involves four stages,
namely, hydrolysis of the precursor/s, condensation and polymerization process that
establishes metal–OH–metal or metal–O–metal bridges between metallic atoms of the
precursor materials, growth of particles, and agglomeration of particles. These stages are
followed by the formation of networks that extend throughout the liquid medium, resulting in
the formation and congealing of the gel [2, 58, 59].

Figure 3.7: Schematic diagram of a sol-gel process for nanopowders [60].
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A number of ZnO nanoparticles, nanorods or nanotubes have been synthesized using the sol
gel method [61]. Hasnidawani et al. [62] reported on synthesizing ZnO nanoparticles via the
sol gel method using zinc acetate dihydrate (Zn (CH3COO)2·2H2O) as a precursor, ethanol
(CH2COOH) as solvent, and sodium hydroxide (NaOH) and distilled water (H20) as solvent
medium. The results showed ZnO rod-like structure within the range 81.2 nm - 84.9 nm. On
the other hand, Jurablu et al. [63] obtained spherically shaped ZnO nanoparticles with an
average particle size of 28 nm by the sol-gel method using zinc sulphate heptahydrate
(ZnSO4·7H2O) and diethylene glycol as surfactant. Khan et al. [64] obtained thorn like ZnO
nanoparticles of less than 50 nm. The starting reagents used for this synthesis were Zinc
acetate dihydrate and sodium hydroxide while cetyltrimethyammonium bromide (CTAB) was
used as a capping agent.
The advantages of the sol-gel method [65, 66]:
I.
II.

Sol gel formation is a relatively low temperature process.
Uses less energy consumption thus less pollution too.

III.

Sintering at low temperature possible.

IV.

Allows the fine control of the product’s chemical composition.

V.

Can create very fine powders of high purity.

Disadvantages of the sol-gel method [10, 63]:
I.
II.

High cost of the raw materials (the chemicals).
Often, there’s a large volume shrinkage and cracking during drying.

III.

Very much substrate dependent in the case of thin film synthesis.

IV.

Since several steps are involved, close monitoring of the process is required.

3.2.2 Hydrothermal/solvothermal synthesis
Hydrothermal synthesis is generally defined as the method of crystal synthesis that is based
on the ability of an aqueous solvent at moderate to high temperature and pressure to facilitate
the interaction of precursors during synthesis [67, 68]. When any solvent other than water is
used,

the

method

is

called

solvothermal

synthesis.

Synthesis

under

hydrothermal/solvothermal conditions is usually performed in the presence of a solvent
(aqueous or non-aqueous) at a temperature greater than 25 °C and at pressure above 0.1 MPa.
The crystallization process is carried out in a steel pressure vessel called autoclave (shown in
Figure 3.8), in which adequate chemical precursors are dissolved in the solvent under
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hydrothermal/solvothermal conditions [10]. The autoclave is heated and maintained between
two temperature zones, a hotter end and a cooler end. The saturated solution is transported
from the hotter end and becomes supersaturated in the cooler end thus forming the desired
crystal [69]. A number of articles have been devoted to synthesize ZnO as thin films and
nanoparticles. Aneesh, et al. [70] reports on synthesizing ZnO nanoparticles with an average
size of about 7 to 24 nm by varying the concentration of the NaOH precursor into the
methanol prepared Zn(CH3COO)2·2H2O solution. Reddy et al. [71] obtained ZnO nano
crystals of diameters ranging from 9 to 12 nm by varying the NaOH concentrations. Zinc
nitrate hexahydrate (Zn(NO3)2·6H2O) and sodium hydroxide (NaOH) were used as the
starting precursors. Sun, et al. [72], synthesized ZnO crystal thin from the hydrothermal
reaction on sapphire substrate.

Figure 3.8: Schematic illustration of the autoclave used in the hydrothermal synthesis [73].
Advantages of the hydrothermal/solvothermal method [10]:
I.

Possible to precipitate powders directly from solution

II.

Ability to synthesize crystals of substances which are unstable near melting point

III.

Suitable when it is difficult to dissolve precursors at room or lower temperatures

IV.

Can be hybridised with other processes like microwave, electrochemistry, ultrasound,
etc.

Disadvantages of the hydrothermal/solvothermal method [69, 74]:
I.

High cost of equipment e.g. the need of expensive autoclaves

II.

Inability to observe the crystals in the process of their growth

3.2.3 Sonochemical synthesis
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Sonochemistry is the method that depends on the application of ultrasound energy to
chemical reactions. The transducer generates sound waves in a frequency range of 20 kHz to
10 MHz, thus producing void bubbles known as cavitation bubbles as illustrated in Figure
3.9. These cavitation bubbles keep on growing until they reach a critical size and then
collapse, releasing very large amount of energy reaching a localized temperature of ~5000 °C
and a pressure of ~180 MPa [2, 75].
In order to investigate the direct transformation of Zn(OAc)2·3H2O precursor to create ZnO
nanoparticles, Azadeh et al. [76] employed ultrasonic technique. Nanocrystalline ZnO
particles were prepared from the ultrasonic irradiation of zinc acetate dissolved in ethanol and
sodium hydroxide at a frequency of 20 kHz with a maximum power output of 600 W. Also,
ZnO nanoparticles have been synthesized by ultrasonic irradiation of an aqueous–alcoholicethylenediamine (EDA) solution of zinc nitrate and sodium hydroxide as reported by Yadav,
et al. [77]. A sonochemical bath operating at 33 KHz and a power output of 350 W was used
as the source of sonochemical waves.

I.

II.
Figure 3.9: Schematic diagram illustrating (i) the setup, (ii) acoustic cavitation effect in the
sonochemical synthesis [78, 79].
The advantages of using sonochemical method [13, 80]:
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I.
II.
III.

Cheap to get started in a field
Has the capacity to form uniform shapes and narrow distributions of particle size
Uses high velocity rates and controllable reaction conditions

Disadvantage of sonochemical method [5, 13]
I.

The explanation as to how the nano structured products are created is not fully
understood.

II.

Very small concentration of the prepared nanoparticles

3.2.4 Microwave synthesis
Microwave energy is a form of electromagnetic energy within the frequency range of ~300 –
300 000 MHz [81]. Microwave heating is caused by the energy transferred to molecules
through the mechanism of dipole rotation, a process (shown in Figure 3.10) wherein
molecules orient their dipoles with the rapidly changing electric field [2]. While conventional
heating works by means of a heated surface which in turn heats the reaction vessel content,
microwave reaction solutions are heated directly and volumetrically with the molecules that
are present in the reaction mixture [82]. This direct interaction results in extremely fast
heating rates not reproducible with conventional heating [83].

Figure 3.10: The rotation of a molecule under the influence of the electric field component in
an electromagnetic wave [84].
Hasanpoor et al.

[85], reported microwave-assisted hydrothermal synthesis of ZnO

nanoparticles with different morphologies. By changing the power and time of microwave
irradiation, flower-shaped, needle-shaped and spherical-shaped nanoparticles with diameters
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ranging from 50 - 150 nm were obtained. Barreto et al. [86] investigated the effect of
different precursors, temperature and additives on the morphology of ZnO nanoparticles
synthesized by the microwave-assisted technique. As a result, cauliflower-like particles with
sizes in the range of 200 - 300 nm were formed. Shojaee et al. [87] synthesized ZnO
nanorods using a domestic microwave oven for irradiation. These nanorods had an average
diameter in the order of 112 and 117 nm. The effect of the parameters such as precursor’s
concentration and heating time were also studied.
Advantages associated with microwave synthesis [88 - 90]:
I.

Allows direct ‘in core’ heating of the reaction mixture, which results in a faster and
more even heating of the reaction mixture.

II.
III.

Purification step enhanced by reducing unwanted side reactions is faster and easier.
Microwave energy enhances organic reactions by reducing chemical reaction times to
few minutes instead of hours.

IV.

Permits scale-up (from a few millimetres to 1 litres) without changing reaction
parameters.

Disadvantages of the microwave method [5, 91]:
I.
II.

Microwave systems designed for synthesis use are often quite costly.
Health hazard: prolonged exposure may result in complete degeneration of body
tissues and cells.

III.

Has limited applicability for materials that absorb them.

3.2.5 Chemical Vapor Deposition
The chemical vapor deposition (CVD) is similar to the PVD method (described in section
3.1.2). The CVD involves exposing a substrate to one or more volatile precursor gases which
decompose on the substrate surface to produce the desired deposit. The vapors of the desired
material are pumped into the reaction chamber using some carrier gas, as illustrated in Figure
3.11. As they pass the heated substrate, they are drawn into the boundary layer where they are
deposited onto the substrate. This process is accompanied by the production of chemical byproducts that are exhausted out of the chamber along with unreacted precursor gases [92 94].
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Figure 3.11: Schematic diagram showing the basic concept of the chemical vapor deposition
(CVD) method [95].
The chemical vaporization method has been frequently used to synthesis functional
nanoparticles. Guan et al. [96] reports on the combined synthesis and self-organization of Zn
and ZnO nanoparticles into linear arrays through laser-assisted chemical vapor deposition. In
this report, use of templates with laser-generated 1D arrays were produced by employing a
Lloyd’s mirror arrangement. Polarz et al. [97] investigated the fundamental differences
between the solid-state versus the gas-phase chemistry of the formation of ZnO agglomerates
using

the

volatile

organometallic

tetrameric

alkyl-alkoxy

zinc

compound

([CH3ZnOCH(CH3)2]4) as precursor. The authors concluded that it was very difficult to
control the size of the nanoparticles by solid-state synthesis, and that instead of isolated
particles, agglomerates were always obtained. In addition to the morphological control over
ZnO, they found out that it was not possible to obtain pure and defect-free materials. On the
other hand, the gas phase (chemical vapor) synthesis approach showed that not only are
defect-free ZnO materials obtainable, the morphological control over the ZnO is also
achievable.
Advantages of the CVD method [13, 98, 99]:
I.
II.

Precise control of composition is possible.
Less waste deposition.

III.

Able to deposit materials which are hard to evaporate.

IV.

Ability to grow epitaxial films.

V.

Pressures used allow coating of three dimensional structures.

Disadvantages of the CVD method [98, 99]:
I.

Involve the frequent use of hazardous and corrosive gases.
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II.
III.

Utilize high deposition temperatures compared to the PVD method.
Many precursors used are relatively expensive.

3.3 Green chemistry
Green chemistry is the fabrication of products and methods that reduce or eliminate the use
and ultimately the disposal of hazardous substances out of the environment [100]. Passed in
1990 as a Pollution Prevention Act, green chemistry is a new approach for dealing with
pollution by preventing environmental problems before they happen [101]. In 1998 American
chemists Paul Anastas and John Warner based this initiative under the ‘12 principles of green
chemistry’. These principles (summarized in Table 3.3) are a classic guide on a variety of
ways to reduce the environmental and health impacts of chemical production [102, 103].
Recently, synthesis of nanoparticles using plants [106 - 108] and microorganisms including
bacteria [107, 108], viruses [109, 110], fungi and yeast [111, 112] has been reported to be an
eco-friendly alternative method of synthesizing a wide variety of nanoparticles [113]. Table
3.4 shows some of the different microorganisms used to synthesize different nanoparticles
with a different shapes and sizes. Of these biological entities, synthesis of nanoparticles using
plant parts and plant extracts has been demonstrated to be cost-effective and much simpler
because it doesn’t require multi-step procedures that involve complex culturing and isolation
techniques [104, 114, 115]. The ability of plants to hyper-accumulate and biologically reduce
metal ions has been known since the early 1900s and has been used for extracting precious
metals from land unjustifiable to mine [105, 116 - 118]. However, the use of whole plants in
the synthesis of nanoparticles has certain limitations where the heterogeneity of the size and
morphology of nanoparticles produced hinders their use. For instance, in clinical applications
whereby the size and shape play a critical parameter effecting cell uptake, rate and site
specific for drug delivery from the system [105, 119]. In this regard, using plant extracts have
been favoured as a simpler alternative for synthesizing nanoparticles [120].
Crude plant extract containing various biomolecules with functional groups such as C=C
(alkenyl), C=N (Amide), -O-H (phenolic and alcohol), N-H (amine), C-H and COO(carboxylic group) are mainly responsible for the reduction and stabilization of metallic ions
into metallic nanoparticles. [105, 121]. Examples of these biomolecules capable of reducing
metal ions are shown in Figure 3.12. The extract can be prepared from different parts of the
plants such as the stem, flower, leaf, root, shoot, petal, fruit, and peel. The extraction method
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involves boiling the plant part. The obtained extract contains the reducing and capping agents
needed to reduce metallic ions [106, 114, 122]. Some of the plants extracts used in the
bioreduction of ZnO nanoparticles are reported in Table 3.5.
Table 3.3. The twelve principles of green chemistry which were formulated as guidelines in
effort to reduce and/or eliminate environmental pollution [123].

1. WASTE PREVENTION

5. SAFER AUXILIARIES

9. CATALYSIS

Prevent waste from the start

Minimize the use of solvents and

Prefer catalytic reagents-as

rather than treating or cleaning

other auxiliary substances and make

selective as possible-over

it afterwards

them as innocuous as possible

stoichiometric reagents

2. ATOM ECONOMY

6. ENERGY EFFICIENCY

10. DEGRADABILITY

Design synthetic methods to

Minimize the energy used in

Design chemical products for

maximize the incorporation of

chemical processes, and if possible,

eventual disposal, so that they

intermediate materials into the

carry them out at ambient

break down into innocuous

final product

temperature and pressure

compounds that do not persist
in the environment

3. SAFER SYNTHESIS

7. RENEWABLE FEEDSTOCKS

Design synthetic methods to

Use biomass and other renewable

minimize the use and

raw materials whenever practicable

11. POLLUTION EVENTION

Develop methods for real-time

generation of toxic substances

monitoring and control of
chemical processes that might
form hazardous substances
4. SAFER PRODUCTS

8. DERIVATIVE REDUCTION

12. ACCIDENT REVENTION

Design chemical products to

Minimize the potentially wasteful

Choose processes and practices

carry out their function while

use of blocking groups and other

that minimize the potential for

minimizing their toxicity

temporary modifications of

chemical accidents, including

intermediates

releases, explosions and fires
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Table 3.4. A selection of biological entities used in the synthesis of nanoparticles.
Biological entity

Type of

Size (nm)

Shape

References

Nanoparticle
Bacterial species
Aeromonas hydrophila
Bascillus sp
Lactobacillus plantarum

Rhodopseudomonas capsulata

ZnO

57.72

Spherical, oval

[124]

Ag

42 - 92

Spherical

[125]

ZnO

7 - 19

Hexagonal, spherical

[126]

Au

10 - 20

Spherical

[127]

Fungi and yeast
Aspergillus terreus

Ag

1 - 20

Spherical

[128]

Humicola sp

Ag

5 - 25

Spherical

[129]

ZnO

52.72

Polycrystalline

[130]

Sclerotium rolfsii

Au

~25

Isotropic spherical

[131]

Trichoderma koningii

Au

30 - 50

Spheres, triangles and

[132]

Sacchromyces cerevisiae

hexagons
Viral
Tobacco mosaic virus

Au

13 - 18

Rods

[133]

M13 phage

Bi

~3.0

Wire-like

[134]

Cu2S

~6.5

Irregular

[135]

Plant
Azadirachta indica

Ag

~34

Spherical

[136]

Agathosma betulina

CdO

~8

quasi-spherical

[137]

Callistemon viminalis

Sm2O3

~23

Quasi-spherical

[138]

Angelica archangelica

Au

4-8

Polyhedral, spherical

[139]

Hibiscus Sabdariffa

CdO

23 - 35

Nanocrystals

[140]

Nepenthes khasiana

Au

50 - 80

Triangular, spherical

[141]

Hypericum perforatum
Hamamelis virginiana
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Psidium guajava

Ag

10 - 90

Alkaloids

Phenolic acids

Terpenoids

Phenolic acids

Tannins

Chalcones
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Spherical

[142]

Figure 3.12: Possible biological entities in the plant extract responsible for the bioreduction
of metal ions [143].
Table 3.5. List of different plants used for synthesis of ZnO nanoparticles.

Scientific name

Common
name

Extract
source

Precursor

Size
(nm)

Shape

Reference

Abrus
precatorius

Rosary pea

seeds

Zn(Ac)

90-500

Irregular to
spherical

[144]

Agathosma
betulina

Buchu

leaves

Zn(NO3)2

~19.4

Spherical

[145]

Aloe
barbadenis
miller

Aloe vera

leaves

Zn(NO3)2

25-40

Spherical

[146]

Apalathus
linearis

Rooibos

flower

Zn(NO3)2

~12.5

Quasispherical

[147]

Azadirachta
indica

Neem

leaves

Zn(NO3)2

~25

Nanotubes

[148]

Azadirachta
indica

Neem

leaves

Zn(Ac)

9.6-25.5

Spherical

[149]

Calotropis
gigantea

Crown
flower

leaves

Zn(NO3)2

30-35

Spherical

[150]

Calotropis
procera

Maddar

latex

Zn(Ac)

5-40

Spherical
and granular

[151]

Camellia
sinensis

Green tea

leaves

Zn(Ac)

~16

-

[152]

Cassia
auriculata

Tanners
cassia

flower

Zn(Ac)

-

Spherical

[153]

Lime

fruit

Zn(NO3)2

9-10

Spherical

[154]

Corymbia
citriodora

Lemonscented Gum

leaves

Zn(NO3)2

~64

Hexagonal

[155]

Euphorbia
Jatropa

-

latex

Zn(NO3)2

~15

Hexagonal

[156]

Citrus
aurantifolia
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Table 3.5. -- Continued
Scientific name

Common
name

Extract
source

Precursor

Size
(nm)

Shape

Reference

Euphorbia milli

Crown of
thorns

latex

Zn(NO3)2

~50

Spherical

[157]

Ocimum
tenuiflorum

Holy basil

leaves

Zn(NO3)2

11-25

Hexagonal

[158]

Pongamia
pinnata

Indian beech

leaves

Zn(NO3)2

~100

Spherical

[159]

Rue

stem

Zn(NO3)2

~28

Hexagonal,
spherical

[160]

Makoi/black
night shade

leaves

Zn(NO3)2

~27.79

Quasispherical

[161]

Ruta graveolens
Solanum
nigrum

A plant-mediated bioreduction involves the mixing of a plant with an aqueous solution of the
relevant metal salt at room temperature. The bioreduction of the salt is visually observed by a
change in the colour of the reaction mixture [114]. Paul, et al. [162] biosynthesized Zinc
nanowires using Spilanthes acmella leaves. After mixing the leaf extract with a zinc sulphate
solution, the colour change from pale yellow to pale brown was observed. Similarly to
Ravindran, et al. [163], colour changed was visually observed from colourless to pale yellow
during the exposure of the Zn(NO3)2 solution with the plant extracts from different parts of
the Duranta erecta L. plant (i.e. leaf, root, flower and fruit). On the other hand, Manokari, et
al. [164] used aqueous extracts of leaf, stem, roots, flowers and fruits of Melia azedarach in
the synthesis of ZnO nanoparticles. Colour change was observed after incubation for 6 hours
at room temperature for the leaf extract mixture with Zn(NO3)2·6H2O. For the other reaction
mixtures, colour change was observed an hour after heating at 60 °C for 15 min.
The overall mechanism of the nanoparticle formation involves an initial activation phase.
This is where the metal ions are reduced from their mono or divalent oxidation states to zerovalent states and heterogeneous nucleation of the reduced metal atoms occurs. This is
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followed by a growth phase referred to as Ostwald ripening, the dissolution and redeposition
of small contiguous particles on the surfaces of larger particles [165]. The termination phase
is the final stage whereby the plant extracts ability to stabilize the metal nanoparticle acquires
the most energetically favourable (more stable) conformation [105, 113]. Figure 3.13 shows
the detailed schematic mechanism of nanoparticle formation.
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Figure 3.13: Mechanism of the nanoparticle formation using the plant extracts [113].
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Advantages of using the green chemistry method [103, 154, 166, 167]:
I.
II.

Easily scaled up for a large scale synthesis of nanoparticles
Metal nanoparticles produced by plants are more stable

III.

Rate of synthesis is faster

IV.

Nanoparticles produced are more various in shape and in sizes : their sizes and
morphologies can be controlled by varying some of the critical synthetic conditions
such as the concentration of the metal salt, contact time, mixing ratio, pH and
incubation temperature

V.
VI.
VII.

Cost effective: eliminates the use of expensive chemicals
No need to use high pressure, energy, or temperature
Minimizes environmental and human health risks by eliminating the use of harsh or
toxic reagents during synthesis

VIII.

Biodegradable products and by-products (since they come from either plants or
microorganisms)

IX.
X.

Bio-compatible
Results in high yield and more stable nanoparticles

Disadvantages associated with the green chemistry method [56, 103, 154, 166]:
I.

When using plants, the plant extract prepared from one species in various laboratories
may lead to different results.

II.

Although rapidly being developed, biosynthesis of nanoparticles is still in its infancy.
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Chapter 4: Material and characterization techniques
The study of ZnO in its nanoscale requires accurate and well understood techniques. This
chapter gives a detailed description on the synthesis of ZnO nanoparticles and also, a brief
description of the techniques that have been utilized in this study as well as their respective
sample preparations.

4.1 Material preparation
Twenty grams (20 g) of high quality dried Aspalathus linearis’ needle-like leaves (shown in
Figure 4.1) were weighed and cleaned thoroughly with cold deionised water. Following a
drying phase under sunny conditions at ambient temperature, the sample was ground into a
fine powder. The powder was then immersed in 400 ml of de-ionised water for 12 hours to
ensure the maximum extraction of the brown dye. The dye extract solution (pH 6) was then
filtered twice using Whatman filters to eliminate any residual solids. Zinc acetate dihydrate
Zn(C4H6O4)·2H2O from Sigma-Aldrich was used as Zinc precursor. The Zn(C4H6O4)·H2O
was of analytical grade, hence used without any further purification. 20 g of zinc acetate was
dissolved in 45 ml of de-ionised water. The salt solution was then homogeneously mixed
with 200 ml of Aspalathus Linearis extract solution.

Figure 4.1: The Aspalathus Linearis needle-like leaves that were used in the green synthesis
of ZnO nanoparticles.
An immediate colour change from reddish-brown to muddy brown was observed. This visible
observation is shown in Figure 4.2. The mixture was heated in a capped bottle for 4 hours at
~80 °C. Following such a phase, dark precipitate were observed. The precipitate was
separated from the aqueous extract by centrifuging using a Lasec Sigma unit at 1000 rpm for
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10 minutes over successive additions of deionized water to wash the precipitate of any
residual aqueous extract.

Figure 4.2: The (a) dye extracted from the Aspalathus Linearis’s leaves, (b) zinc acetate
solution, and (c) mixture of the Aspalathus Linearis leaves and the zinc acetate solution.
The resultant precipitate obtained was dried in an oven at 100 °C. After drying, the precipitate
samples were then annealed in an open furnace from 300 °C to 600 °C in 100 °C increments
for 2 hours. The heat treatment of 300 °C was necessary in order to induce the formation of
high crystalline ZnO nanoparticles. Figure 4.3 shows the powders obtained before and after
the annealing treatment.
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Figure 4.3: ZnO powder (a) as-prepared and annealed at (b) 300 °C, (c) 400 °C, (d) 500 °C
& (e) 600 °C.

4.2 Material characterization
The physical properties of the obtained ZnO powders were investigated by the different
characterization techniques summarized in Table 4.1. For size and structure determination, a
Carl Zeiss Auriga Field Emission Scanning Electron Microscope (FEG SEM) operated at
beam energy of 20 keV was used. An Oxford instruments X-Max solid state Silicon drift
detector operating at 20 keV was used to study the elemental composition of the powder
samples. The internal structure of the nano-powders was investigated by a FEI Tecnai F20
Field Emission Gun operating at 200 kV. The Bruker AXS D8 Advance X-ray
diffractometer with Cu-K𝛼 radiation and wavelength, 𝜆(K𝛼1) = 1.5406 Å was used to obtain
the phase and structural identification of the nano-powders. Their thermal properties were
studied using a Perkin Elmer STA 6000 instrument. And, a Thermo Scientific Nicolet Is10
FTIR spectrophotometer was used to evaluate the composition and structural quality of the
ZnO nanoparticles.

74

http://etd.uwc.ac.za/

Table 4.1: An overview of the experimental techniques needed for the study of ZnO
nanoparticles’ morphology, structure and properties [1, 2].
Technique

Information gathered

Scanning Electron Microscopy (SEM)

Surface morphology

Energy Dispersive Spectroscopy (EDS)

Elemental composition

Transmission Electron Microscopy (TEM)

Internal structure, Grain size

X-ray Diffraction (XRD)

Degree of crystallinity , Orientation, Crystal
structure determination, Phase identification,

Differential Scanning Calorimetry (DSC)

Thermal properties in relation to the heat
flow

Thermogravimetric Analysis (TGA)

Thermal properties in relation to changes in
weight

Fourier Transform Infrared (FTIR)

Composition quality, Structural analysis

4.2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS)
4.2.1.1. Introduction
The Scanning Electron Microscope (SEM) is a widely used technique in a number of
industries and laboratories to investigate the microstructural morphology and chemical
composition of specimens up to a nanometer scale. SEM uses a focussed beam of high energy
electrons to generate a variety of signals at the surface of solid specimens. These various
signals that arise from the electron-sample interactions contain information about the sample
including external morphology, chemical composition, crystalline structure and orientation of
the materials making up the sample [3, 4].

4.2.1.2 Theory
When the incident electron strikes the specimen surface, instead of being bounced off
immediately, the energetic electrons penetrate into the sample for some distance before they
encounter and collide with a specimen atom. Thus, producing what is known as the region of
primary excitation where a variety of signals are produced. This region is dependent upon the
beam energy, atomic number and the density of the specimen. Figure 4.4 illustrates the

75

http://etd.uwc.ac.za/

regions from which the various signals can be detected. The most widely used signal, the
secondary electrons, gives the specimen’s topographic information. The backscattered
electrons are most valuable for illustrating contrasts in composition in multiphase specimens.
The signals from the characteristic x-rays and Auger electrons provide chemical information
of the specimen. SEM analysis is considered to be "non-destructive", that is, x-rays generated
by electron interactions do not lead to volume loss of the sample, so it is possible to analyze
the same materials repeatedly [4, 5].

Figure 4.4: Illustration of the different signals produced during the electron beam-specimen
interaction in the SEM microscope and the regions from which the signals can be detected
[4].

4.2.1.3 Characteristic x-ray emission by an atom and Energy Dispersive Spectroscopy
Consider the schematic representation of an atom in Figure 4.5. When the incident beam
bounces through the specimen creating secondary electrons, it leaves thousands of the
specimen atoms with holes in the electron shells where the secondary electrons used to be.
The resulting electron vacancies (holes) are filled by electrons from the outer shells.
However, because the outer shells are at a higher energy state, energy in the form of x-rays is
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emitted to balance the energy difference between the two electrons’ state. To do this, the
atom must lose some energy.

Figure 4.5: Characteristic x-ray emission by an atom [6].
The x-ray energy is characteristic of the element from which it was emitted. Once the
incident x-ray strikes the semiconductor detector, it creates a charge pulse that is proportional
to the energy of the x-ray. The charge pulse is converted to a voltage pulse (which remains
proportional to the x-ray energy) by a charge-sensitive preamplifier. The signal is then sent to
a multi-channel analyzer. The multi-channel analyzer counts the number of x-rays at each
energy level that strikes the crystal. The energy for each incident x-ray is therefore sent to a
computer for display and further data evaluation. The spectrum of x-ray energy versus counts
is evaluated to determine the elemental composition of the sampled volume. EDS can also
quantify the elements by calculating the area under the peak of each identified element and
then converting the area under the peak into weight or atomic percent [1, 7].
4.2.1.4 Description of technique
The main components of SEM include:


The source of electrons,



Column down where electrons travel with electromagnetic lenses,



Electron detector,



Sample chamber and a computer to display the images.
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Figure 4.6 shows a schematic diagram of the main components in the SEM column. Electrons
produced at the top of the column are accelerated down and passed through a combination of
lenses and apertures to produce a focused beam of electrons which hits the surface of the
specimen which is mounted on a stage in the chamber area. The position of the electron beam
on the sample is controlled by scan coils situated above the objective lens. These coils allow
the beam to be scanned over the surface of the sample. This beam scanning enables
information about a defined area on the specimen to be collected. As a result of the electronsample interaction, a number of signals are produced. These signals are then detected by
appropriate detectors [1, 3].

Figure 4.6: Schematic representation of the components comprising the SEM column [3].
4.2.1.5 Specimen preparation
Nonconductive specimens tend to charge when scanned by the electron beam causing
scanning faults and other image artifacts. To prevent the accumulation of electrostatic charge
at the surface, specimens are to be electrically conductive and electrically grounded. They are
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therefore usually coated with an ultrathin coating of electrically conducting material
including gold, gold/palladium alloy, platinum, which is deposited on the sample either by
low-vacuum sputter coating or by high-vacuum evaporation [7, 8].

4.2.2 Transmission Electron Microscopy (TEM)
4.2.2.1 Introduction
Transmission Electron Microscopy (TEM) is one of the most important microscopic tools in
nanotechnology for characterizing materials at a length scale from atoms to hundreds of
nanometers. In this technique, a beam of electrons is transmitted through an ultrathin
specimen (usually less than 100 nm), interacting with the specimen as it passes through it.
Modern TEMs have the capacity to directly image atoms in crystalline specimens at
resolutions close to 0.1 nm. High resolution TEM (HRTEM) is used to analyze the quality,
shape, size and crystal structure features including grain boundaries and dislocations [9].

4.2.2.2. Description of technique

Consider the schematic layout of a TEM shown in Figure 4.7. In order to create a space
where electrons are able to move, air is firstly pumped out of the vacuum chamber. The beam
of electrons from the electron gun is focused into a small, thin, coherent beam by the use of
the condenser lens. This beam is restricted by the condenser aperture, which excludes high
angle electrons. The beam then strikes the specimen and parts of it are transmitted depending
upon the thickness and electron transparency of the specimen. An image formed from the
interaction of the electrons transmitted through the specimen is magnified and focused by the
objective lens, passed down the column through the intermediate and projector lenses to be
detected by a charge coupled device (CCD) camera. The darker areas of the image represent
those areas of the sample that fewer electrons are transmitted through while the lighter areas
of the image represent those areas of the sample that more electrons were transmitted
through. This phenomenon is illustrated in Figure 4.8 where a TEM image of ZnO
nanoparticles has been taken [2, 8].
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Figure 4.7: General layout of a TEM describing the path of electron beam in a TEM [10].

Figure 4.8: A typical TEM image of spherical ZnO nanoparticles calcined at 700 °C [11].

4.2.2.3 Sample preparation
A TEM specimen must be thin (i.e. electron transparent) enough to transmit sufficient
electrons to form an image with minimum energy loss. Materials such as powders are quickly
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prepared by the deposition of a dilute sample containing the specimen onto support grids or
films. The specimens are then fixated by plastic embedding in order to withstand the
instrument vacuum [12, 13].

4.2.3 X-ray diffraction (XRD)
4.2.3.1 Introduction
X-rays are electromagnetic radiation of exactly the same nature as light but of very much
shorter wavelength. The unit of measurement in the x-ray region is the angstrom (Å). X-rays
used in diffraction have wavelengths lying approximately in the ranges 0.5 - 2.5 Å, whereas
the wavelength of visible light is of the order 6000 Å. X-rays are produced when any
electrically charged particle of sufficient kinetic energy rapidly decelerates [14]. Diffraction
is essentially a scattering phenomenon (the absorption and re-emission of the incident
radiation in different directions). Scattering occurs when the waves collide with a regular
structure in which the repeating distance is approximately the same as the wavelength of the
wave. The scattered waves interfere with each other. If the waves are in phase, then
constructive interference occurs, on the other hand, destructive interference occurs if the
waves are 180° out of phase. This means that if x-rays have a wavelength similar to the
spacing of the atomic planes in a crystal, x-rays can easily be diffracted by a crystal and,
hence, information about the arrangement of atoms in crystals can be obtained [15]. This
phenomenon is known as x-ray diffraction (XRD) and can be used as a tool for the
investigation of the fine, crystalline structure of matter [1]. In this study, XRD was used to
identify the crystalline components of the ZnO nanoparticles [16].
4.2.3.2 Geometry of crystals
The atoms found in solid materials can be classified into crystals and amorphous. A crystal is
defined as a solid composed of atoms arranged in a regular pattern in 3 dimensions. The
periodic arrangement of atoms within a crystal material is known as a crystal structure and
may be thought of as a set of imaginary points which has a fixed relation in space to the
atoms of the crystal i.e. a skeleton on which the actual crystal is built up [14, 17]. This set of
imaginary points is known as a point lattice and is so arranged that each point has identical
surroundings, as shown in Figure 4.9 [1, 17].
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Figure 4.9: Illustration of a point lattice [14].

The repeating unit shown in Figure 4.10 is known as the unit cell of the lattice and is
described by the three vectors a, b and c drawn from one corner of the cell. These vectors
define the cell and are called the crystallographic axes of the unit cell. When described in
terms of their lengths (a, b and c) and angles (𝛼 , 𝛽 and 𝛾) they are known as the lattice
parameters or lattice constants of the cell. Depending on the relationship between the lattice
parameters, one can distinguish between fourteen different point or Bravais lattices described
in Table 4.2 [1].

Figure 4.10: A primitive cell and the angles between the translational vectors [15].
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Table 4.2: Description of the Bravais lattices and crystal systems [1].
System

Axial lengths and angles

Bravais lattice

Lattice symbol

Cubic

Three equal axis at right
angles
a = b = c, 𝛼 = 𝛽 = 𝛾 = 90°

Simple
Body-centered
Face-centered

P
I
F

Tetragonal

Three angles at right
angles, two equal
a = b ≠ c, 𝛼 = 𝛽 = 𝛾 = 90°

Simple
Body-centered

P
I

Orthorhombic

Three unequal axes at right
angles
a ≠ b ≠ c, 𝛼 = 𝛽 = 𝛾 = 90°

Simple
Body-centered
Base-centered
Face-centered

P
I
C
F

Rhombohedral

Three equal axes, equally
inclined
a = b = c, 𝛼 = 𝛽 = 𝛾 ≠ 90°

Simple

R

Two equal co-planar axes
at 120°, third axis at right
angles
a = b ≠ c, 𝛼 = 𝛽 = 90°, 𝛾
= 120°

Simple

P

Simple
Base-centered

P
C

Simple

P

Hexagonal

Monoclinic

Three unequal axes, one
pair not at right angles
a ≠ b ≠ c, 𝛼 = 𝛾 = 90° ≠
𝛽

Triclinic

Three unequal axes,
unequally inclined and
none at right angles
a ≠ b ≠ c, 𝛼 ≠ 𝛽 ≠ 𝛾 ≠
90°
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4.2.3.2.1 Miller indices
A notation system in crystallography that provide a way of uniquely describing different
crystal planes in a lattice. Miller indices are determined by first identifying the points at
which the plane intersects a, b, and c axes, measured in terms of fractions/multiples of the
lattice parameters. The reciprocal of the intercepts is then taken and the Miller indices of any
crystal system can be obtained and the resulting numbers are enclosed in parenthesis, (). The
distance, d, between adjacent planes in the set (hkl) for a crystal in the hexagonal is
1

4 h2 +hk+ k2

d

3

2 = (

a2

)+

l2
c2

(4.1)

where a, b, c, 𝛼, 𝛽, and 𝛾 represent the parameters of the unit cell. Similar equations
formulated for the other crystal system are shown in Table 4.2. The hexagonal unit cell is
described by 3 vectors: a1, a2, and c. Vectors a1, a2 lie at 120o to one another in the same
plane called basal plane, and c is perpendicular to the basal plane [15].
4.2.3.3 Bragg’s law for diffraction
X-rays scattered from a crystalline solid interfere constructively producing diffracted beams
in specific directions governed by the wavelength (𝜆) of the incident radiation and the nature
of the crystalline sample. Bragg’s law, formulated in 1912 by W.L Bragg, is a simple
predictable explanation which relates the wavelength of the x-rays of the diffracted beam to
the spacing of the atomic planes of a crystal [15 - 17].
Consider a monochromatic beam of parallel x-rays A and A’, striking a set of parallel planes,
a distance d apart, that specularly reflect the incident x-rays elastically. Suppose two waves
that are in phase are incident at an angle 𝜃 to the parallel plane as shown in Figure 4.11. The
scattered rays B and B’, resulting from the interaction of the incident beam with the atoms of
the parallel planes will recombine to form a diffracted beam if and only if their path
difference is a whole multiple of wavelengths, i.e.
DE + EC = dsinθ + dsinθ = nλ

(4.2)

where n is the integral number (order of diffraction), 𝜆 is the wavelengths of the radiation, d
is the interplanar spacing and 𝜃 is the x-ray’s incident angle (Bragg’s angle)
Equation (4.2) can be simplified to give
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2dsin𝜃 = n𝜆

(4.3)

The relation (4.3) is known as Bragg’s equation and gives the angle 𝜃, at which a set of
planes of spacing d constructively reflects x-ray radiation of wavelength 𝜆 in the nth order
[18].

Figure 4.11: Schematic representation of diffraction of x-rays by a crystal [15].

4.2.3.4 Practical aspect of x-ray diffraction
The x-ray diffractometer is a measuring instrument used for analysing the structure of a
material from the scattering pattern by measuring the intensity of the diffracted beam of xrays with an electronic counter. Figure 4.12 (a) shows the three basic components of a
diffractometer, namely: the x-ray source (B), specimen (E) and the x-ray detector (D), all lie
on the circumference of the focusing circle (A). Most x-ray diffractometers are configured
according to the Bragg-Brentano geometry where the x-ray source is fixed, and the detector
moves through a range of angles (known as the 𝜃-2𝜃 geometry), and the 𝜃- 𝜃 geometry,
where both the x-ray source and the detector move in the vertical plane in opposite directions
above the centre of the specimen. The diffractometer circle, also referred to as goniometer
circle (C), is the central component of an x-ray diffractometer and contains the specimen
holder, and has arms to which the x-ray source and the detector are mounted (as shown in
Figure 4.12 (a)). X-rays are generated by directing an electron beam of high voltage at a
metal target anode inside an evacuated x-ray tube as shown in Figure 4.12 (b). These line
source of x-rays passes through a series of slits called Soller slits, to the divergence slit which
define the divergence (or width) of the incident beam. The specimen (E) which is positioned
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such that its reflecting planes make some particular angle 𝜃 with the incident beam then
diffracts the beam at the corresponding angle 2𝜃. After the beam has been diffracted by the
specimen, it passes through another set of slits (antiscatter) which reduces the background
radiation, thus improving the peak-to-background ratio, by making sure that the detector can
receive x-rays only from the specimen area. The intensity of the diffracted beam is then
measured in the ionization chamber (D) and its wavelength calculated from the Bragg law,
this procedure being repeated for various angles 𝜃 [14, 15, 19].

(a)

(b)

Figure 4.12: Schematic illustration of (a) an x-ray diffractometer, (b) the arrangement of slits
in a diffractometer [15].
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4.2.3.5 Data analysis
A typical XRD spectrum like the one shown in Figure 4.13 shows several peaks at fixed θ
angles. The peak positions make it possible to identify the kind of crystals present on the
sample. The sharp and clear diffraction peaks are obtained from the crystals having precise
periodicities over long distances. The broadened, distorted, and weakened diffraction peaks
are obtained from crystals having defects, as their periodicity in their atomic arrangements
are less precise. Appropriate software packages are used to analyse the peaks and then the
International Centre for Diffraction Data (ICDD) database is used to identify the candidate
materials. In the case whereby the sample contains a mixture of unknown crystalline phases,
computerized searches for pattern matches are mostly valuable. The atomic pair distribution
function (PDF) technique which is a specialized approach, has been developed to analyse
diffuse (i.e. non-Bragg type) XRD patterns and obtain important structural information for
bulk non-crystalline materials such as near atomic neighbour separations and coordination
numbers. [2]

Figure 4.13: X-ray diffraction spectrum of ZnO [20].

4.2.4 Differential Scanning Calorimetry (DSC)
4.2.4.1 Introduction
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Calorimetry is a technique for determining the quantity of heat that is either absorbed or
released by a substance undergoing a physical or a chemical change. A DSC is a specific type
of calorimetry which measures the heat effects associated with phase transitions or chemical
reactions that occur as a sample is heated, cooled or held isothermally, as a function of
temperature [21]. The DSC is used to obtain the thermal critical points such as melting point,
crystallization, enthalpy, specific heat as well as glass transition temperatures of the sample.
The ability to determine such transition temperatures and enthalpies makes DSC a valuable
tool in producing the phase diagrams of the ZnO nanoparticles [22].
4.2.4.2 Description of technique
In a DSC analysis, the sample and an empty reference crucible - an inert material such as
alumina, are placed on small separate platforms within the DSC chamber. The schematic
principle of the DSC is described in Figure 4.14. The thermocouples lying below the pans
heat each chamber in a way that their temperatures are always equal. The temperature of each
chamber is constantly monitored. The basic principle is that when the sample undergoes a
physical transformation such as phase transitions, more (or less) heat will need to flow to it
than to the reference in order to maintain the two at the same temperature. The nitrogen
atmosphere is maintained within the DSC system in order to create a reproducible and dry
atmosphere and also to eliminate air oxidation of the samples at high temperatures [22 - 24].

Figure 4.14: Schematic principle of DSC measurement [25].
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4.2.4.3 Data analysis
The physical or a chemical change the sample undergoes alters its internal energy. At
constant pressure, this internal energy is known as enthalpy, H. Expressed mathematically as

(
where

dH
dt

dq
dt

)p =

dH
dt

(4.4)

is the heat flow measured in mcal.s-1. During the heating of a sample peaks with

positive and negative heat flow signal are recorded. Figure 4.15 shows the DSC curve
demonstrating the appearance of several common features. A transient is a slight period of
instability at the start (and also at the end) of a run before a stable heating or cooling rate is
established. The glass transition temperature, Tg, is the temperature at which amorphous
(non-crystalline) polymers are converted from a brittle, glasslike form to a rubbery, flexible
form. The point whereby the molecules within the sample obtain enough freedom of motion
and arrange themselves into a crystalline solid is known as the crystallization temperature
(Tc) and this transition from amorphous solid to crystalline form results in an exothermic
peak in the DSC curve. As the temperature increases the sample eventually reaches its
melting temperature, Tm. The melting process results in an endothermic peak. The integral
under the DSC peak, just above the baseline, gives the total enthalpy change for the
process [22, 23].

Figure 4.15: Typical DSC thermogram labelling four critical points; the glass transition
temperature (Tg), the crystallization temperature (Tc), the melting temperature (Tm), and the
curing temperature [23].
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4.2.5 Thermal Gravimetric Analysis (TGA)
4.2.5.1 Introduction
Thermal gravimetric analysis is an experimental technique that measures the amount and the
rate of change in the mass of a sample as a function of sample temperature or time. The
measurements are mainly used to determine the material’s thermal stabilities as well as their
compositional properties. The difference in weight observed occurs due to the separation or
the formation of different chemical and physical bonds at higher temperatures. The ability of
a TGA instrument to quantify loss of water, loss of solvent, loss of plasticizer,
decarboxylation, pyrolysis, oxidation and decomposition which are all usually observed upon
heating (although there are some experiments where information may be obtained upon
cooling), makes it a significant technique in analysing the ZnO nanoparticles [22, 26].
4.2.5.2 Description of technique
The sample is placed in a small, electrically heated furnace equipped with a thermocouple to
monitor accurate measurements of the temperature by comparing its voltage output with that
of the voltage-versus-temperature table stored in the computer’s memory. Figure 4.16 shows
a schematic diagram of such a setup. A reference sample may be placed on another balance in
a separate chamber. The atmosphere in the sample chamber may be purged with an inert
gas to prevent oxidation or other undesired reactions. As the furnace temperature is raised
slowly, the temperature of the sample and the corresponding weight are recorded [27, 28].

Figure 4.16: Schematic diagram of TGA [29].
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4.2.5.3 Data analysis
As the temperature increases, various components of the sample are decomposed and the
weight percentage of each resulting mass change can be measured. TG curves are normally
plotted with the mass change in percentage on the y-axis and temperature on the x-axis. The
mass changes a sample undergoes are displayed as steps in the TGA curve. These steps are
classified according to their shapes as illustrated in Figure 4.17 [22, 30].

Figure 4.17: Classification of TG curves [31].

4.2.6 Fourier Transform Infrared Spectroscopy (FT-IR)
4.2.6.1 Introduction
Infrared spectroscopy is the study of the interaction of light with matter. Infrared, just like
visible light, is a form of electromagnetic radiation with longer wavenumber than the visible
light extending from the nominal red edge of the visible spectrum at 14286 cm-1 to 200 cm-1.
Upon irradiation with infrared radiation, certain molecular bonds respond to specific
frequencies by vibrating faster in several modes including stretching, rocking and scissoring.
This response can be detected and translated into a visual representation called an IR
spectrum. The technique which is used to obtain an infrared spectrum is known as FTIR and
it gives information on the type of bonding within the sample. The advantage of FTIR from
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other infrared spectral analytical methods is that all phases of matter may be studied, making
it the most preferred technique in determining the quality of the ZnO nanoparticles [32, 33].
4.2.6.2 Description of technique
An IR spectrometer is used to measure the FTIR spectrum and it consists of a source,
interferometer, sample compartment, detector amplifier, A/D convertor, and a computer.
Figure 4.18 shows the basic components of the IR spectrometer.

Figure 4.18: Schematic representaion of an FTIR spectrometer [34].
Radiation emitted from the source is split into two (so that the paths of the two beams are
different) with a beam splitter in the interferometer. The role of the interferometer, shown in
Figure 4.19 is to measure the interference pattern between the two waves.

Figure 4.19: An optical diagram of a Michelson interferometer [36].
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The fixed and moving mirrors reflect each of the beam back to the beamsplitter, where the
two beams recombine into one and falls on the detector. The two beams combine
constructively or destructively varying as the optical path difference, when the moving mirror
is moved. When the combined beam is transmitted through the sample, it is detected as a
signal produced as function of the change of the pathlength called an interferogram, and it
contains all infrared information on the sample. The signal is then amplified and converted to
digital signal by the amplifier and analog-to-digital converter, respectively. The spectrum is
obtained from the interferogram by the mathematical process of Fourier transformation [2,
35]. The mathematical expression of the Fourier transform F(𝜔) is given by:

1

+∞

F(ω) = 2 ∫-∞ f(r)eiωr dr

(4.5)

where 𝜔 is the angular frequency, r is the optical path difference, F(𝜔) is the spectrum, and
f(𝑟) is the interferogram. The interferogram is determined experimentally in FTIR and the
corresponding spectrum is computed automatically from using Fourier transform. To measure
an interferogram using a Michelson interferometer the mirror is moved back and forth once.
This is called a scan. The interferograms measured while scanning are Fourier transformed to
yield a spectrum, hence the term Fourier Transform Infrared (FTIR) spectroscopy [36].
4.2.6.3 Data analysis
The frequency of vibrational modes is characteristic of the specific functional group in which
the motion is centred. Thus, the observation of spectral features in a certain region of the
infrared spectrum is often an indicative of a specific chemical functional group in the
molecule as shown in Figure 4.20. Because each different material is a unique combination of
atoms, no two compounds produce the exact same infrared spectrum. Thus, infrared
spectroscopy can result in a positive identification (qualitative analysis) of every kind of
material utilized in the ZnO synthesis. In addition, the amount of material is obtainable from
the size of the peaks in the spectrum. The vibrational modes that vary from one molecule to
another are useful in distinguishing one molecular from another that contains similar
functional groups, hence known as the fingerprint region [32, 36, 37].
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Figure 4.20: Representative spectrum in the mid-IR region. The region below 1500 cm-1 is
defined as the fingerprint region. The region above 1500 cm-1 is the functional group region
[38].

94

http://etd.uwc.ac.za/

4.3 References
[1]

F. Cummings, "Hot-wire Chemical Vapour Deposition of Carbon Nanotubes,"
University of the Western Cape, Bellville, 2006.

[2]

A. Mbonyiryivuze, "Indigenous Natural Dyes for Gratzel Solar Cells: Sepia Melanin,"
University of South Africa, Pretoria, 2014.

[3]

"How an SEM works," [Online]. Available:
http://www.nanoscience.com/products/sem/technology-overview/how-sem-works/.
[Accessed 20 April 2016].

[4]

W. Zhou and Z. Wang, Scanning Microscopy for Nanotechnology: Techniques and
Applications, New York: Springer, 2006.

[5]

"Scanning Electron Microscopy," [Online]. Available:
http://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html.
[Accessed 20 April 2016].

[6]

J. Russ, Fundamentals of Energy Dispersive X-ray Analysis, London:
Butterworths&Co, 1984.

[7]

"Energy Dispersive X-ray Spectroscopy," [Online]. Available:
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy. [Accessed 20
April 2016].

[8]

P. Goodhew, J. Humphreys and R. Beanland, Electron Microscopy and Analysis,
London and New York: Taylor and Francis, 2001.

[9]

"Transmission Electron Microscopy," [Online]. Available:
http://www.microscopemaster.com/transmission-electron-microscope.html. [Accessed
20 April 2016].

[10] M. Humphry, B. Kraus, A. Hurst, M. Maiden and J. Rodenburg, "Ptychographic
electron microscopy using high-angle dark-field scattering for sub-nanometre
resolution imaging," Nature Communications, vol. 3, no. 730, pp. 1-12, 2012.
[11] M. Javidi, M. Mortazavi, N. Naghavi, A. Nejat and M. Zarei, "Zinc oxide nanoparticles as sealer in endodontics and its sealing ability," Contemporary Clinical
Dentistry, vol. 5, no. 1, pp. 20-24, 2014.
[12] "Transmission Electron Microscopy," [Online]. Available:
https://en.wikipedia.org/wiki/Transmission_electron_microscopy. [Accessed 20 April
2016].
[13] "Transmission Electron Microscopy (TEM)," [Online]. Available:
https://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/tech
niques/structural/tem/. [Accessed 20 April 2016].

95

http://etd.uwc.ac.za/

[14] B. Cullity and S. Stock, Elements of X-Ray Diffraction, New Jersey: Pearson
Education, 2013.
[15] C. Suryanarayana and M. Grant-Norton, X-Ray Diffraction: A Practical Approach,
New York: Springer, 1998.
[16] S. Thabethe, "Growth and characterization of FeSi Nanowires by Chemical Vapor
Deposition for Gas Sensing Applications," University of the Western Cape, Bellville,
2014.
[17] R. Adam, "Synthesis and Characterization of Silver nanoparticles for Photovoltaic
Applications," University of the Western Cape, Bellville, 2013.
[18] "Introduction to X-ray Diffraction," MediaWiki, [Online]. Available:
http://202.141.40.218/wiki/index.php/Unit-2:_Introduction_to_X-ray_diffraction.
[Accessed 22 March 2016].
[19] R. Panwar, "Preparation of modified ZnO nanoparticles by sol-gel and their
characterization," Thapar University, Punjab, 2009.
[20] S. Talam, S. Karumuri and N. Gunnam, "Synthesis, Characterization, and
Spectroscopic Properties of ZnO Nanoparticles," ISRN Nanotechnology, vol. 2012, no.
1, pp. 1-6, 2012.
[21] "Differential Scanning Calorimetry (DSC) theory," [Online]. Available:
http://particle.dk/methods-analytical-laboratory/dsc-differential-scanningcalorimetry/dsc-theory/. [Accessed 12 April 2016].
[22] P. Gabbott, Ed., Principles and Applications of Thermal Analysis, New Delhi:
Blackwell Publishing, 2008.
[23] "Differential Scanning Calorimetry; First and Second Order Transitions in Polymers,"
[Online]. Available: http://www.colby.edu/chemistry/PChem/lab/DiffScanningCal.pdf.
[Accessed 20 April 2016].
[24] [Online]. Available: http://www.flemingptc.co.uk/our-services/dsc-tga/. [Accessed 20
April 2016].
[25] M. Gauthier, "Thermal analysis," [Online]. Available:
http://www.slideshare.net/shivadheeraj/dta-raj-bpharm. [Accessed 15 February 2016].
[26] "Thermogravimetric Analysis (TGA)," [Online]. Available:
https://www.perkinelmer.com/CMSResources/Images/4474556GDE_TGABeginnersGuide.pdf. [Accessed 20 April 2016].
[27] "Thermogravimetric analysis," [Online]. Available:
https://en.wikipedia.org/wiki/Thermogravimetric_analysis. [Accessed 20 April 2016].
[28] "Thermogravimetry (TG) or Thermogravimetric Analysis (TGA) or Thermal
Gravimetric Analysis," [Online]. Available:
96

http://etd.uwc.ac.za/

http://www.andersonmaterials.com/tga.html. [Accessed 17 February 2016].
[29] S. Selvaraj, "Thermogravimetric Analysis," LinkedIn SlideShare, Madras, 2015.
[30] B. Stanton, L. Zhu and C. Atwood, "Determination of the percent by mass of the
components in a mixture by Thermal Gravimetric Analysis," in Experiments in
General Chemistry, Belmont, Brooks/Cole, pp. 43-56, 2010.
[31] "Thermogravimetry Analysis," [Online]. Available:
http://www.slideshare.net/KalsoomMohammed/thermogravimetry-analysis-tga.
[Accessed 18 February 2016].
[32] "Introduction to Fourier Transform Infrared Spectrometry," [Online]. Available:
http://www.niu.edu/analyticallab/_pdf/ftir/FTIRintro.pdf. [Accessed 18 February
2016].
[33] "Infrared," MediaWiki, [Online]. Available: https://en.wikipedia.org/wiki/Infrared.
[Accessed 06 April 2016].
[34] "Michelson Interferometer," [Online]. Available:
https://www.researchgate.net/profile/Francisco_RodriguezFortuno/publication/224096173/figure/fig11/AS:324349404958740@1454342332714/
Sketch-of-the-measurement-setup-The-Michelson-interferometer-and-the-Globarsource.png. [Accessed 20 April 2016].
[35] "Principles of FTIR," [Online]. Available:
http://www.slideshare.net/muttaqinpapasafira/principles-of-ftir. [Accessed 07 April
2016].
[36] B. Smith, Fundamentals of Fourier Transform Infrared Spectroscopy, New York: CRC
Press, 2011.
[37] P. Griffiths and J. de Haseth, Fourier Transform Infrared Spectroscopy, New Jersey:
Wiley, 2007.
[38] A. Hynes, D. Scott, A. Man, D. Singer, M. Sowa and K. Liu, "Molecular mapping of
periodontal tissues using infrared microspectroscopy," BioMed Central, vol. 5, no. 2,
pp. 1-10, 2005.

97

http://etd.uwc.ac.za/

Chapter 5: Results and discussion
The leaf extract of Aspalathus Linearis was used as a reducing agent to reduce the
Zn(C4H6O4)·2H2O precursor into ZnO. Following a drying process at 100 °C, the obtained
ZnO powder (as-prepared) was divided into 5 samples and annealed at different temperatures
for 2 hours. The physical properties of the powders were investigated using SEM, EDS,
TEM, XRD, DSC/TGA and FTIR.
In this chapter, the results obtained from SEM, EDS, TEM, XRD, DSC/TGA and FTIR for
the powdered samples (as described in Table 5.1 below) will be discussed. In addition to this,
the effect of the annealing temperature on the samples will also be discussed.
Table 5.1. Description of the powdered samples at different temperature conditions.
Sample #

Description

1

As-prepared (not annealed)

2

Annealed at 300 °C

3

Annealed at 400 °C

4

Annealed at 500 °C

5

Annealed at 600 °C

5.1. Scanning Electron Microscopy
The SEM image of the as-prepared powder is shown in Figure 5.1(a). The image shows few
large clusters as well as many quasi-spherical shaped ZnO nanoparticles agglomerated
together. The cause of the agglomeration could be due to the polarity and electrostatic
attraction of ZnO nanoparticles rising from the biological material. The particle size
distribution of the nanoparticles was estimated from the ImageJ software by treating the
nanoparticles as spheres and thus calculating the particle size distribution from the deduced
area. Figure 5.1 (b) shows the average diameter of the as prepared nanoparticles to be ranging
from ~10 to 40 nm. By fitting the corresponding histogram data with a Gaussian distribution,
the average particle size of the as-prepared nanoparticles was found to be about 18.4 ± 0.4
nm.
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Figure 5.1: (a) SEM image and (b) the size distribution of the ‘as-prepared’ powder.
The SEM image of the powder that was annealed at 300 °C (Figure 5.2(a)) shows some short
rod-like particles, with the majority of the nanoparticles appearing to be quasi-spherical and
clustered together. This variety in morphology might be due to the combining of smaller
nanoparticles into larger nanoparticles that are more stable [1]. From the Image J software,
the size distribution of the nanoparticles was found to be ranging from ~15 to 45 nm (Figure
5.2(b)) with the average diameter of about 24.6 ± 0.8 nm.
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Figure 5.2: (a) SEM image and (b) the size distribution of the powder annealed at 300 °C.

99

http://etd.uwc.ac.za/

When the temperature was increased to 400 °C (depicted in Figure 5.3(a)), the large clusters
and rod-like structures which were seen before at lower temperatures seem to change into
finer quasi-spherical ZnO nanoparticles with a particle size distribution ranging from ~10 to
45 nm as shown in Figure 5.3(b). Their average particle size is centred at about 27.2 ± 0.7
nm.
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Figure 5.3: (a) SEM image and (b) the size distribution of the powder annealed at 400 °C.
The morphology of ZnO quasi-spheres is seen throughout higher annealing temperatures of
500 °C and 600 °C shown in Figure 5.4(a) and Figure 5.5(a), respectively. The particle size
distribution of the powder that was annealed at 500 °C is shown in Figure 5.4(b). The average
particle size was found to be about 27.6 ± 0.6 nm. Figure 5.5(b) shows that particle
distribution of the powder annealed at 600 °C is between ~10 and 60 nm with an average
particle size of about 28.5 ± 0.2 nm. As shown in Figure 5.6, the average size of the
nanoparticles increases with increase in the annealing temperature.
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Figure 5.4: (a) SEM image and (b) the size distribution of the powder annealed at 500 °C.
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Figure 5.5: (a) SEM image and (b) the size distribution of the powder annealed at 600 °C.
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Figure 5.6: Variation of the average size of the ZnO nanoparticles with annealing
temperature. The line is the corresponding simulation curve.

5.2 Energy Dispersive Spectroscopy (EDS)
The EDS spectra of the ZnO powder samples is shown in Figure 5.7. The EDS spectra of the
powder samples confirm the presence of zinc and oxygen whose intensity peaks increase with
an increase in annealing temperature. In Figure 5.8, the appearance of the K peak (which is
attributed to the natural extract’s organic matter) is shown to decrease as the annealing
temperature increases. It can hence be deduced that higher annealing temperatures gradually
decomposes the K based compound/s. No other elements were observed except for the C
peak from the carbon coated grid as well as the Au and Pd used as coating for conductivity
purposes. The deposition of Au and Pd is thickness dependent, hence the degradation of the
Au peak at the temperature of 300 °C is an experimental artefact and has no impact on the
other elements. Consequently, it can deduce that a pure chemical form of ZnO has been
achieved. And this trend is also seen in higher annealing temperatures of 400 °C, 500 °C and
600 °C.
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Figure 5.7: EDX spectra of the ZnO nanoparticles at different temperatures.
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Figure 5.8: Variation of the atomic percent of Potassium (K) versus the annealing
temperature. The line is the corresponding simulation curve.

5.3 Transmission Electron Microscopy (TEM)
The TEM image of the as-prepared powder sample is shown in Figure 5.9(a). The image
clearly shows the presence of some uniform secondary material which is acting as a capping
ligand. This material may be assigned to the organic molecules found in the plant extract [2].
Furthermore, the image shows that the powder consists of quasi-spherical nanoparticles. This
is in agreement with the obtained results from SEM. The selected area electron diffraction
(SAED) pattern shown in Figure 5.9(b) indicate that the majority of the nanoparticles
exhibited a low range atomic ordering and is henceforth amorphous [3]. The TEM and SAED
of the powder sample annealed at 300 °C is shown in Figure 5.10. The diffraction rings of the
synthesized ZnO nanoparticles are assigned to the (100), (002), (101), (102) and (110) planes,
respectively. A similar trend is observed for the sample powder that was annealed at 400 °C,
500 °C and 600 °C which are shown in Figure 5.11, 5.12 and 5.13, respectively.
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Figure 5.9: (a) TEM and (b) SAED of the as-prepared powder.

Figure 5.10: (a) TEM and (b) SAED of the powder annealed at 300°C.
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Figure 5.11: (a) TEM and (b) SAED of the powder annealed at 400°C.

Figure 5.12: (a) TEM and (b) SAED of the powder annealed at 500°C.
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Figure 5.13: (a) TEM and (b) SAED of the powder annealed at 600°C.

5.4 X-ray diffraction (XRD)
The XRD pattern of the as-prepared and annealed powder samples is shown in Figure 5.14.
The XRD pattern of the as-prepared sample shows that the crystalline phase of ZnO had not
been induced. On the other hand, the annealed powdered samples exhibit a long range order
of sharp Bragg peaks. The miller indices for each peak have been indexed to the standard
hexagonal wurtzite structure of ZnO. The deduced lattice constants obtained from using
equations 4.1 and 4.3 as stated in Section 4.2.3 are recorded in Table 5.2. The deviation of the
experimental lattice parameters from the ideal wurtzite crystal is probably due to the presence
of various point defects such as the zinc antisites, the oxygen vacancies and threading
dislocations [4]. The ZnO nanoparticles annealed from 300 to 600°C displayed similar Bragg
peak patterns. The XRD peaks appearing at 2𝜃 of ~31°, ~34°, ~36°, ~47°, ~56°, ~62°, ~66°,
~67°, ~69° corresponding to the (100), (002), (101), (102), (110), (103), (200), (112) and
(201) planes, respectively, are in agreement with the Joint Committee on Powder Diffraction
Standard, JCPDS (Card Number 36-1451). The absence of diffraction peaks from other
species indicates the complete decomposition of the precursor and thus pure formation of
ZnO nanoparticles. This is in agreement with EDS shown in Section 5.2. The experimental dspacing values of the synthesized nanoparticles are slightly smaller than the theoretical (bulk)
values. The full width at half maximum is seen to decrease as the annealing temperature is
increased. It is a clear indication that the size and the crystallinity of the ZnO nanoparticles
increases with increase in the annealing temperature, confirming the results found in TEM
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and SAED. This is also in agreement with other reports found in literature [5, 6]. The
average crystallite size of the annealed ZnO nanoparticles was estimated using the Scherrer’s
equation [7]: < Φparticles> = 0.9λ/ ΔΘ1/2 cosθ, where λ is the X-ray wavelength, ΔΘ1/2 is the full
width at half maximum (FWHM), and θ is the diffraction angle. The average crystallite sizes
found from this relation are reported on Table 5.2. The average diameters of the ZnO
nanoparticles were found to be ~18.2 nm (at 300°C), ~20.6 (at 400°C), ~21.2 (500°C) and
~22.6 nm (at 600°C). The crystallite sizes estimated using the Scherrer equation are in close
agreement with those obtained from the SEM results. This confirms that the average size of
the ZnO nanoparticles increases with increase in annealing temperature, as previously shown
in Figure 5.6.
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Figure 5.14: X-ray diffraction spectra of ZnO nanoparticles for different temperatures.
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60
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Table 5.2: Major parameters of the ZnO nanoparticles derived from the XRD analysis.
(hkl)

2𝜃exp (deg)

Annealed at 300 °C
(100)
31.81
(002)
34.40
(101)
36.27
(102)
47.58
(110)
56.68
(103)
62.91
(200)
66.46
(112)
68.01
(201)
69.12
Annealed at 400 °C
(100)
31.81
(002)
34.42
(101)
36.28
(102)
47.58
(110)
56.68
(103)
62.92
(200)
66.56
(112)
68.03
(201)
69.13
Annealed at 500 °C
(100)
31.84
(002)
34.47

d

exp
hkl

(Å)

d

bulk
hkl

(Å)

∆dℎ𝑘𝑙
d

bulk
hkl

(%)

ΔΘ1/2
(degree)

< Φparticles>
(nm)

∆< Φparticles>
(nm)

2.81
2.60
2.47
1.91
1.62
1.48
1.40
1.38
1.36

2.814
2.603
2.476
1.911
1.625
1.407
1.407
1.378
1.358

-0.13
0.00
-0.07
-0.08
-0.12
-0.07
-0.23
-0.08
-0.01

0.40
0.48
0.41
0.48
0.57
0.53
0.61
0.53
0.66

20.17
17.89
19.82
18.68
16.37
17.80
10.90
17.42
18.69

17.53

2.81
2.61
2.47
1.91
1.62
1.48
1.41
1.38
1.36

2.814
2.603
2.476
1.911
1.625
1.407
1.407
1.378
1.358

0.07
-0.06
-0.07
-0.12
-0.06
-0.11
-0.06
-0.02
-0.21

0.38
0.45
0.40
0.45
0.55
0.53
0.61
0.52
0.66

22.55
16.81
20.48
20.13
16.49
18.81
22.96
19.00
17.69

19.44

2.81
2.60

2.814
2.603

-0.16
-0.15

0.35
0.38

26.42
23.87
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<aexp(Å) > <cexp(Å) >

3.2447

3.2453

5.2102

5.2067

<

c
>
a

1.6057

1.6043

Table 5.2. - - Continued
(hkl)

2𝜃exp (deg)

(101)
36.31
(102)
47.62
(110)
56.70
(103)
62.95
(200)
66.51
(112)
68.05
(201)
69.15
Annealed at 600 °C
(100)
31.83
(002)
34.50
(101)
36.32
(102)
47.63
(110)
56.68
(103)
62.96
(200)
66.48
(112)
68.05
(201)
69.17

d

exp
hkl

(Å)

d

bulk
hkl

(Å)

∆dℎ𝑘𝑙
bulk
d
hkl

(%)

ΔΘ1/2

< Φparticles>

∆< Φparticles>

(degree)

(nm)

(nm)

<aexp(Å) > <cexp(Å) >

<

c
>
a

2.47
1.91
1.62
1.48
1.40
1.38
1.36

2.476
1.911
1.625
1.407
1.407
1.378
1.358

-0.16
-0.12
-0.17
-0.11
-0.06
-0.20
-0.23

0.39
0.44
0.50
0.52
0.61
0.51
0.63

22.89
22.18
18.44
19.50
21.66
20.82
15.82

21.29

3.2426

5.199

5.1932

2.81
2.60
2.47
1.91
1.62
1.48
1.41
1.38
1.36

2.814
2.603
2.476
1.911
1.625
1.407
1.407
1.378
1.358

-0.17
-0.12
-0.14
-0.13
-0.11
-0.08
-0.13
0.00
-0.07

0.31
0.29
0.33
0.39
0.42
0.48
0.42
0.46
0.52

25.60
26.54
24.45
21.03
20.96
19.60
24.34
20.64
20.42

22.62

3.2433

5.1932

1.6012
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5.5 Differential Scanning Calorimetry and Thermogravimetric Analysis (DSC-TGA)
The thermogram of the as-prepared sample is shown in Figure 5.15. The first thermal event is
observed between 56 and 173°C with a ~8.51 % weight loss. This weight loss was due to the
removal of the chemically adsorbed water. The main weight loss of ~49.3 % was observed
starting from 195 - 435 °C. This second weight loss is attributed to the decomposition of the
organic species. The two endothermic peaks found at 88 °C and 230 °C are attributed to
evaporation of the adsorbed water and decomposition of residual organic molecules,
respectively. The exothermic peak observed at ~341°C is due to the decomposition of ZnAc
into stable ZnO nanoparticles. Beyond this temperature, no further weight loss is observed.
This implies that the ZnO nanoparticles become stable above this temperature. The enthalpy
of change was obtained through the integration of the area under the peak and is recorded on
Table 5.3.
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Figure 5.15: TGA-DSC plot of the as-prepared powder sample
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Heat flow (mW)

20
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Figure 5.16 shows the thermogram of the powder that was annealed at 300 °C. TGA shows a
slight gradual weight loss of ~5.56 % probably due to the loss of the moisture in the
instrumentation [8]. A similar trend is also observed for the powders annealed at 400, 500
and 600 °C, which are shown in Figures 5.17, 5.18 and 5.19, respectively. By differentiating
heat flow curve in Figure 5.16, 5.17, 5.18 and 5.19, the decomposition temperature of ZnAc
into stable, crystalline ZnO nanoparticles was found to occur at 498 °C, 362 °C, 214 °C and
161 °C, respectively.
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Figure 5.16: TGA/DSC plot of the ZnO nanoparticles annealed at 300 °C.
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Figure 5.17: TGA/DSC of the ZnO nanoparticles annealed at 400 °C.
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Figure 5.18: TGA/DSC plot of the ZnO nanoparticles annealed at 500 °C.
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Figure 5.19: TGA/DSC of the ZnO nanoparticles annealed at 600 °C.

Since this powder was confirmed to be crystalline before the beginning of the TGA/DSC
measurements, no thermal transitions are observed prior to the one observed at ~488 °C. As
the temperature increases, the peaks tend to become broader, generate large heat flow (as
depicted in Table 5.3) and shift to lower temperature values. This shows that as the
nanoparticles are annealed at higher temperatures, they become more crystalline, as shown by
the XRD and TEM measurements. In SEM, this is confirmed by the change in the
morphology and structure of the ZnO nanoparticles when the rod-like structures changed into
a quasi-spherical morphology.
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Table 5.3: Enthalpy change calculated for the ZnO powdered samples.
Sample type

Peak type

Temperature (°C)

Area (mJ)

Endothermic

51 – 115

58.01

Endothermic

271 – 255

17.60

Exothermic

321 – 449

-458.74

Annealed @ 300 °C

Exothermic

489 – 600

-478.93

4.480

-106.90

Annealed @ 400 °C

Exothermic

356 – 600

-1.61×103

4.192

-386.33

Annealed @ 500 °C

Exothermic

199 – 600

-1.84×103

4.781

-386.21

Annealed @ 600 °C

Exothermic

157 – 600

-4.59 ×103

4.744

-967.64

As-prepared
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Initial mass (mg)

Enthalpy (J/g)
13.18

4.400

4.00
-104.25

5.6 Fourier Transform Infrared (FTIR)
The FTIR spectra of the powder samples are displayed in Figure 5.20. A series of absorption
peaks in the range from 4000 – 400 cm-1 have been found. The broad absorption peak at 3673
cm-1 is attributed to the O-H stretching vibration. The weak peak observed at 3459 cm-1
corresponds to the O-H stretching vibration of the intramolecular hydrogen bond. As the
temperature was increased, the intensity of the peaks attributed to the O-H bond decreased.
This might be due to the removal of certain organic material. The peaks observed at 1578 and
1565 cm-1 are doublets and they correspond to the zinc carboxylate C=O symmetric
stretching vibration. They are still observed at higher temperatures. At the annealing
temperature of 400 °C, the doublets merge into a broad peak which is observed at 1501 cm-1.
The broadening and shifting to lower wavenumber is caused by the stress acting on the ZnO
nanoparticles and the variation in the morphology of the nanoparticles. Annealing at 600 °C
significantly reduces the peak, indicating that the organic material is completely removed at
this temperature. It is clear that this specific peak is not eliminated at this temperature. The
peak centred at 1068 cm-1 is attributed to the C-O bond stretching. The increase in
temperature deteriorates this peak and at the annealing temperature of 600 °C it almost
disappears. The sharp peak at ~493 cm-1 is attributed to the Zn-O stretching mode. This
findings are supported by some previous reports [2,9].
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Figure 5.20: FTIR spectra of ZnO nanoparticles.
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1000

500

Summary
The SEM measurements revealed that most of the nanoparticles are quasi-spherical grains
agglomerated together. The nanoparticles’ quasi spherical morphology was observed in both
the as-prepared and annealed samples. This morphology of the nanoparticles was in
agreement with the images obtained from TEM. Furthermore, TEM also showed that the
nanoparticles are amalgamated by some sort of a capping agent assigned to the organic
molecules found in the plant extract. Following the digitization on the SEM images by using
the Image J software, the average particle sizes of the powdered sample that was annealed at
300 °C, 400 °C, 500 °C and 600 °C was found to be 24.6 nm, 27.2 nm, 27.6 nm and 28.5 nm,
respectively. EDX showed the presence of Zn and O elements within the powders whilst
FTIR confirmed the existence of the Zn-O vibrational bonds in all the sample nano-powders.
Both EDX and FTIR both confirm the presence of only Zn and O elements. The XRD
measurements showed that the as-prepared sample was amorphous whereas those that
underwent the annealing process exhibited highly crystalline phases. This observation is in
agreement with the SAED images obtained during the TEM measurements. From the Scherer
calculations, it was found out that the average particle sizes of the ZnO nanoparticles
annealed at 300 °C, 400 °C, 500 °C and 600 °C are 18.2 nm, 20.6 nm 21.2 nm and 22.6 nm,
respectively. Although the values of the particle size deduced from SEM appear to be slightly
greater than the ones obtained from the Scherrer approximation, they are still in close
agreement. Lastly, the DSC/TGA measurements revealed that the decomposition temperature
of ZnAc into stable ZnO nanoparticles occurs at 341 °C, 498 °C, 362 °C, 214 °C and 161 °C
for the as-prepared powder and the powders annealed at 300 °C, 400 °C, 500 °C and 600 °C,
respectively. It was observed that the effect of the annealing temperature on the samples was
to induce and improve the crystallinity of that sample. And hence, the particle size of the
nanoparticles increased as a result. The DSC measurements are in agreement with the XRD
measurements.
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Chapter 6: Conclusions and recommendations

6.1 Conclusion
The aim of this work was to construct a literature review on the properties of nano-sized ZnO
obtained by using the green chemistry synthesis approach. The main objective of the study
was to synthesize ZnO nanoparticles by this method, using Aspalathus Linearis’ natural
extract as an effective reducing agent. The effect of the annealing temperature on the physical
properties of the synthesized ZnO nanoparticles were investigated using SEM, EDS, TEM,
XRD, DSC, TGA and FTIR characterizing techniques.
High quality ZnO nanoparticles were successfully obtained by an entirely green chemistry
process using the natural extract of Aspalathus Linearis as an effective reducing agent with
Zn(C4H6O4)·2H2O precursor. The obtained ZnO nanopowdered sample was annealed at
different annealing temperature of 300 °C, 400 °C, 500 °C and 600 °C for a period of 2 hours
under air. The effect of the annealing temperature on the physical properties (morphology,
structure and composition quality) of the ZnO nanoparticles was obtained by characterizing
the ZnO powder samples using SEM, EDS, TEM, XRD, DSC, TGA and FTIR.
Both the SEM and TEM measurements showed that the ZnO nanoparticles were quasispherical with an average size of 24.6 nm, 27.2 nm, 27.6 nm and 28.5 nm at annealing
temperatures of 300 °C, 400 °C, 500 °C and 600 °C, respectively. From this it is observed that
the average particle sizes of the ZnO nanoparticles increased as the annealing temperature
was increased. EDS and FTIR confirmed that the powder samples were

pure ZnO

nanoparticles without any defects or impurities. In fact, as the annealing temperature was
increased, the ZnO nanoparticles adapt an even higher state of purity. XRD measurements
revealed that the ZnO nanoparticles were crystalline with a wurtzite hexagonal structure,
confirming what was found in the literature review. From the Scherrer approximation, the
average particle size of the nanoparticles was calculated to be 18.2 nm, 20.6 nm, 21.2 nm and
22.6 nm, at temperature of 300 °C, 400 °C, 500 °C and 600 °C, respectively, which are in
close agreement with the average particle size estimated from SEM. The DSC/TGA
thermogram of the as-prepared sample revealed that the decomposition of ZnAc into stable
ZnO nanoparticles takes place at 341 °C. The samples that were annealed at 300 °C, 400 °C,
500 °C and 600 °C, decomposed into stable ZnO at temperatures of 498 °C, 362 °C, 214 °C
and 161 °C, respectively. Moreover, as the annealing temperature was increased, the peaks
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tend to become broader and shift to lower temperature values. This behaviour showed that as
the ZnO nanoparticles are annealed at higher temperatures, their crystallinity improves
significantly, which is in agreement with the XRD measurements. All the results were in full
agreement with what was dicsussed in the literature review.

6.2 Future work and recommendations
The properties ZnO nanoparticles displayed make them a promising material for
pharmaceutical, medicinal and optoelectronic applications. Hence, the future work is to test
the antimicrobial activity of the ZnO nanoparticles against bacteria and fungi, with an aim of
using them as water purifires for waterbourne bacterias found in most of our untreated
drinking water. Further work on its potential as a solar absorber could also be studied.
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