Chapter 1:

Introduction

1.1 Background and Motivation

The idea of nanotechnology was proposed by Richard Feynman during his talk ‘There is
plenty of room at the bottom’ in 1959 where he envisioned a world in which individual
atoms and molecules can be manipulated, though the term nanotechnology was coined
later on. Nanotechnology has enabled the development of novel advanced nanomaterials
with potential application in almost every field. These nanomaterials have at least one
dimension in the range of 1-100nm. Of importance are semiconductor nanomaterials that
exhibit unique size-dependent electrical, mechanical, chemical and optical properties
which are largely due to the quantum size effects and large surface to volume ratio.
Reducing the size of a material from bulk to nanoscale causes its physical and chemical
properties to completely change allowing unique size-dependent properties to manifest
[1]. The nanomaterials have different shapes and morphologies which range from 0D, 1D
and 2D. Zero dimensional (OD) nanomaterials include nanoparticles which can be in
different shapes like spherical, cubic, diamond etc, whereas one dimensional (1D)
nanomaterials namely nanowires, nanorods, nanotubes have varying lengths and
diameters (different aspect ratios) and two-dimensional (2D) nanomaterials are generally

thin film materials.

Zinc oxide (ZnO) nanomaterial is one of the most important nanomaterials for
nanotechnology in today’s research [2]. There are a great vast of opportunities presented
by zinc oxide nanomaterial and is also attractive because of its non-toxicity and can
easily be produced using simpler processes and low-cost technologies at low
temperatures. By altering the growth conditions, different nanostructures and properties

of zinc oxide nanomaterial can be realized.



1.2 ZnO Crystal Structure

ZnO is a semiconductor material with a direct wide band gap energy of 3.37eV and a
large exciton binding energy 60 meV at room temperature [3]. ZnO nanomaterial exhibits
dual emission at room temperature. The first one is near-band edge emission due to the
exciton radiative recombination and the other one is visible emission which is due to
defect energy states such as oxygen vacancies. ZnO crystallizes in three forms which are
hexagonal wurtzite, cubic zinc blende and the cubic rock salt structure as shown in fig 1.1
below. Under general conditions, ZnO exhibits a hexagonal wurtzite structure. The
crystalline nature of ZnO could be indexed to known structures of hexagonal ZnO, with
nm, nm, and nm (JCPS card no. 36-1451) [4]. The ratio of of about 1.60 is close to the
ideal value for a hexagonal cell [5]. The zinc blende structure can be stabilized only by
growth on cubic substrates, and the rock salt structure may be obtained at relatively high

pressures.

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)
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Fig 1.1. ZnO crystal structures: (a) cubic rock salt (B1), (b) cubic zinc blende (B3),
and (c) hexagonal wurtzite (B4). Shaded gray and black spheres denote Zn and O atoms,
respectively.
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1.3 Physical Parameters

Some important properties of ZnO nanoparticles are given below:

Table 1.1 Physical Parameters

Parameter Value

Stable Phase at 300K Wurtzite

Lattice Parameters ‘a>=3.2495 A
‘¢’ =5.2069 A

Density 5.606 g/cm”

Melting point 1975°C

Static dielectric constant 8.656

Refractive index

For wurtzite — 2.049
For zinc blende — 2.008

Energy gap 3.37 eV, direct
Exciton Binding energy 60 meV
Electron effective mass 0.24

Hole effective mass 0.59

1.4 Electronic band structure

Knowledge of the band structure is critical for device applications. Different methods
have been used to measure the electronic core levels in solids and these
include X-ray or UV reflection/absorption or emission techniques, photoelectron

spectroscopy (PES) and angle-resolved photoelectron spectroscopy (ARPES).

ZnO is a direct band gap semiconductor with the uppermost valence and the lowest
conduction bands (VB and CB, respectively) at the same point in the Brillouin zone, the
I'-point (k = 0).



A typical representation of the band structure looks as follows [6]:
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Fig 1.2: Band Diagram



1.5 Review on the synthesis of ZnO nanomaterials

Bertrand Faure et al [7] described the principles of deagglomeration for oxide
nanoparticles including zinc oxide nanoparticles and their stabilization in both aqueous
and non-aqueous media. They mentioned that oxide nanoparticles heavily agglomerated
can severely limit the utilization of the inherent properties, pose substantial processing
challenges and complicate the dispersion and functionalization of the nanoparticles and
that the films and coatings produced from aggregated gas-phase powders are often hazy,
with poor adhesion to the substrate. They also stated that agglomeration is commonly
observed in nanopowders that have been produced in the gas phase or dried from the

liquid phase, as shown for titania in figure 1.3 below
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Figure 1.3: The effect of high-pressure deagglomeration on the morphology and
size of the aggregates of flame-made TiO, particles [7]

Milling, high-shear mixing and ultrasonication are commonly used to break down
agglomerates [7] and in this project work a post thermal treatment was employed.
Concentrated zinc oxide nanocrystal suspensions can be obtained by adding a base
(LiOH, NaOH or tetramethylammonium hydroxide) to zinc acetate dihydrate dissolved in
alcohol [8-10]. The acetate-capped nanoparticles obtained by this sol-gel method exhibit
photoluminescence both in the near UV (370 nm) and in the visible range (500-550 nm),

the former being related to excitonic emission and the latter to the presence of oxygen
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vacancies on the surface. The visible emission might be problematic for some
applications and can be quenched by a thermal post-treatment or copper doping [11][7].
Haibo Zeng et al [12] synthesized ZnO nanoparticles that exhibit very strong blue
emissions, the intensity of which first increase and then decrease with annealing and also
concluded that high concentrations of defects are introduced into nanoscale ZnO through
non-equilibrium processes. S.K.Patra [13] fabricated ZnO nanorods by preparing an
alkali solution of zinc by dissolving 14.87g of zinc nitrate and 4g of NaOH in distilled
water to form a 100ml solution. Then the NaOH solution was heated to approx. 40°C.
Under constant stirring, the zinc nitrate solution was added slowly (dropwise for 30min)
to the above alkali solution. ZnO nanorods were of diameter ~20nm and length ~
(100-150) nm.
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Fig 1.4: FESEM diagram of the synthesized nanorods by S.K. Patra [13]

Chittaranjan Bhakat et al [14] synthesized uniform ZnO nanorods with diameters of
100-200nm and lengths of about 1um. Solution of zinc acetate dehydrate was prepared
by dissolving 2.195g of zinc acetate dehydrate in 100ml distilled water/ethanol and
stirred in ambient atmosphere. KOH 1.122g is dissolved in 10ml distilled water and was
added to the above solution dropwise under continuous stirring. The mixture was then
further heated for 3hr at 80-90°C without stirring. Li-Li Han et al [15] synthesized ZnO
quantum dots (QDs) with blue emission by a sol-gel method. They discovered that the

blue emission arises from neither the quantum confinement nor intermediate products,
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and it can be achieved only in the presence of Li" cations and excessive OH™ anions. The
blue emission was also determined as the electron transition from the conduction band to
interstitial oxygen defects. Excessive OH anions are responsible for the formation of
interstitial oxygen defects, and Li* ions can stabilize the defects by substituting for Zn
atoms. Sumetha Suwanboon et al [16] successfully synthesized one-dimensional ZnO
nanoparticles from Zn(CH3COO),.2H,0 as well as CTAB-assisted HMTA solutions. The
entire calcined ZnO nanoparticles indexed with the hexagonal wurtzite structure.
Columnar hexagonal-like ZnO structures were shaped when aqueous HMTA solution
was used as the precipitating agent. They stated that the growth rate along the (0001)
plane of ZnO nuclei is very much slower than that of the branch rod-like formation and
that the six side facets of the (1010) family could promote their growth , resulting in the

formation of columnar hexagonal-like structure.

Table 1.2. Information of the synthetic conditions and ZnO particles obtained [16]

S CTAB  Crystallite Particle size )
Precipitating Concentration ~ Size  (diameter)  Particle

Agent (mol) (nm) (nm) Shape
0 49.48 501
HMTA 0.01 47.17 473 ﬁg)'(:mé‘rfgl
0.02 45.41 436 g
0 46.81 274
NaOH 0.01 42.85 202 Bg‘é‘;h
0.02 41.26 148

S. Chakraborty et al [17] successfully synthesized flower-like ZnO nanostructures by
the simple chemical precipitation method at room temperature in distilled water medium
and without using any capping agent. The UV-visible optical absorption measurement
shows the presence of UV absorption at ~260 nm in the sample dispersed in water. The
room-temperature PL spectrum of the sample consists of near-band edge emission at

~360 nm as well as a violet emission band at 420nm
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Fig 1.5: Scanning electron microscope (SEM) images of the ZnO nanoflowers
are shown in (a) and a magnified image is shown in (b) [17]
Xinyu Zhang et al [18] synthesized ZnO nanorods based on the modified method by Lin
et al [19] with mechanical assisted. They found that an increase in the calcination
temperature led to an increase in the average particle sizes. ZnO nanorods calcined at
350°C had a length of about 800 nm, and diameter is about 30-50 nm. When the
temperature was raised to 400°C and 450°C, there is increase in diameter and decrease in
length of the nanorods and further rise in temperature to 500°C produces irregular
particles (average size ~100 nm). They concluded that as the calcination temperature
increases, the particle morphology changes from rod to irregular shape. The band gap
energy (Eng) of ZnO was calculated from the following equation, Epy = 1240/A (eV)
[20][21][22], where Epg is the bandgap energy in eV and A is the wavelength in

nanometers.
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Fig 1.6: (a) Shape of the nanorod. Note, [uvw] is an index of a specified crystal axis
and (hkil) is an index of a specified crystal plane. (b) Schematics of nanorods growth
with increasing temperature [18]
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Hui Zhang et al [23] fabricated ZnO nanowires by a simple chemical sol-gel
process. The ZnO nanowires have a hexagonal structure and the
diameters are very uniform, at about 60 nm. Hongxia Zhang et al [24] prepared ZnO
nanorods through wet chemical method by using zinc nitrate hexahydrate and ammonium
hydroxide in the presence of PEG. The ZnO nanorods have a wurtzite structure and
the PL spectra produced blue emission at 466 nm and green—yellow emission at 542
nm. Rizwan Wahab et al [25] employed low temperature solution synthesis to make
flower-shaped ZnO nanostructures w hich composed of hexagonal ZnO
nanorods. Room- temperature photoluminescence (PL) demonstrated a strong and
dominated peak at 381 nm with a suppressed and broad green emission at 515 nm.
Changle Wu et al [26] employed a novel chemical route to prepare ZnO nanoparticles.
Their results revealed that with the increase of the reaction temperature, the
morphology of particles seems to change from rod-like to short prism-like form. The
photoluminescence band was at near 380 nm and no other bands were observable, which
proved to exhibit high optical property and might have potential application in nanoscale

optoelectronic devices.



1.6 Applications

ZnO nanostructures have potential use in different fields due to their unique physical and

chemical properties.

Gas Sensing

Different gases that have been detected by ZnO nanostructures include ammonia,
nitrogen oxide, hydrogen and oxygen. ZnO nanostructures have a large surface area
which allow them to be more sensitive to the adsorption or desorption of gas molecules

on their surface [27].

Biosensing
Non-toxicity, bio-compatibility and high electron transfer rates are some of the
interesting properties of ZnO nanostructures which make them favorable for the detection

of biological entities [28].

UV Detection
ZnO nanostructures have been applied for UV photodetection by various research groups
[29].

UV Lasers
Growth conditions of ZnO nanostructures can be manipulated so as to eliminate defects-

related emissions allowing them to be applied for UV laser applications [30].

Light-Emitting Diodes

Research groups like Harnack et al [31] have demonstrated that the electrical
characteristics of ZnO nanorods show diode-like behavior allowing them potential
use in LEDs
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Solar Cells
The large surface area and high electron transfer rates of ZnO nanostructures make them

potential candidates as electrodes in dye-sensitized solar cells (DSSCs [32].

Field Emission Devices
ZnO nanostructures particularly with sharp tips have shown good field emission

characteristics making them applicable as electron emitting sources [33].

Field Effect Transistors
The ZnO nanostructure acts as the channel which controls the current flow from the drain

to the source through manipulation of the gate voltage [34].
Photocatalysis

ZnO nanostructures have a large surface area and surface properties favorable for

photocatalysis [35].
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1.7 Aims and Objectives

The aim of this project work was on the following steps:
Synthesis of zinc oxide nanoparticles and nanorods by the sol-gel method
Study on the effect of temperature on the morphology of the nanostructures
Effect of surfactants ethylene glycol (EG) and ethylenediamine (EDA) on the
morphology of the nanostructures
Characterization of the surface morphology using SEM
Determination of the chemical composition using EDX
Study of the optical properties by UV/Vis and PL spectroscopy

Characterization of the crystal structure and investigate the particle size using XRD
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Chapter 2:

Experimental and Characterization Techniques

2.1 The Sol-Gel process

Sol-gel refers to a process in which solid nanoparticles dispersed in a liquid (a sol)
agglomerate together to form a continuous three-dimensional network extending
throughout the liquid (a gel). The chemical reactions that occur during a sol-gel process
are hydrolysis, poly-condensation, and gelation. During hydrolysis and poly-
condensation, a colloid (sol), which consists in nanoparticles dispersed in a solvent, is
formed. The existing sol phase transforms to the gel. The resulting gel-phase is formed by
particles which size and formation can vary greatly from discrete colloidal particles to

continuous chain-like polymers.

The sol-gel process is a less expensive, simple versatile solution process for making
advanced materials in a wide variety of forms: ultrafine or uniform powders, thin film
coatings, fibers, porous or dense materials, and extremely porous aerogel materials. An

overview of various sol-gel processes is illustrated below in fig 2.2

Sol-gel includes the following steps:

1. Making sol or precipitating powder, gelling the sol in a mold or on a substrate (in case of
films), or making a second sol from the precipitated powder and its gelation, or shaping
the powder into a body by non-gel routes;

2. Drying;

3. Firing and Sintering. [Rabinovich 1994]

Precursor
Suspension Gelation Drying Sintering
Sol-Gel

Fig 2.1: Simplified downstream processes
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Fig 2.2: Schematic representation of the different stages and routes of the sol-gel

technology.

Factors that affect Sol-Gel Chemistry

Sol-gel chemistry tends to be particularly sensitive to the following parameters:

Solvent. As molecules assemble together (polymerize) into nanoparticles, the solvent
needs to be able to keep the nanoparticles dissolved so that they don’t precipitate out of
the liquid. Also, the solvent can play a role in helping nanoparticles connect together. As

a result, the solvent makes a big difference in ensuring a gel network can form.

Temperature. The chemical kinetics of the different reactions involved in the formation
of nanoparticles and the assembly of nanoparticles into a gel network are accelerated by
temperature, meaning the gel time is affected by temperature. If the temperature is too
low, gelation may take weeks or months. If the temperature is too high, the reactions that
join nanoparticles together into the gel network occurs so quickly that clumps form

instead and solid precipitates out of the liquid.

o Reaction-generated heat released from chemical reactions involved in the

formation of nanoparticles and gel networks can feed back into the solution and
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cause things to react faster, releasing even more heat, causing things to react even
faster, etc.

Time. Depending on the type of gel being made, different steps in the gel formation
process work differently over different time scales. In general, slower is better for sol-gel.
If a gel is allowed to form slowly, it usually has a much more uniform structure. Speeding
reactions up too much causes precipitates to form instead of gel network, and can make a
gel cloudy and weak or simply not form.

Catalysts. A catalyst is a chemical that accelerates a chemical reaction but does not get
used up in doing so. In a lot of sol-gel chemistry, both acids (H") and bases (OH") are
catalysts, but accelerate chemical reactions by different mechanisms. This is another
reason why sol-gel chemistry is usually pH sensitive. Small amounts of catalysts
(“catalytic amounts™), on the order of milligrams per tens of milliliters of solution can
cause drastic changes in gel time—in many cases reducing gel time from hours, days, or

weeks to minutes.
pH. Any colloidal chemistry that involves water is sensitive to pH.

Agitation. Mixing a sol as it gels is important to ensure that the chemical reactions in the
solution occur uniformly and that all molecules receive an adequate supply of chemicals
they need for the reactions to proceed properly. However, as a sol gels, there are
microscopic and macroscopic domains of partially-formed gel network throughout the
liquid, and agitation can sometimes disrupt the formation of these domains, meaning they
get broken up, however usually the broken network fragments regrow and a solution-

wide network results.
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2.2 Characterization Technigues

To investigate structure, surface morphology, topography, chemical composition,
absorbance, emission of synthesized ZnO nanomaterials, the following techniques

were used:

2.2.1 Structural and Morphological Characterization
e X-Ray Diffraction (XRD)
e Scanning Electron Microscope (SEM)

2.2.2 Optical Characterization
e UV-Vis spectroscopy
e Photoluminescence spectroscopy

2.2.1.1 X-Ray Diffraction (XRD)

X-rays are electromagnetic radiation with wavelengths between about 0.02A and 100A.

They have wavelengths similar to the size of atoms and can penetrate matter more easily.

X-ray diffraction (XRD) is a fast, non-destructive technique that can be applied to single
crystal, polycrystalline and amorphous materials and provides information such as the
structure of crystalline materials, electron distribution within the atoms and throughout
the unitcell, orientation of single crystals, texture of polygrained materials, crystalline

phases, defects and can differentiate between crystalline and amorphous materials.

X-ray diffraction measurement

A crystal mounted on a sample holder is rotated while being exposed to x-rays, producing
a diffraction pattern. The specimen atoms’ electrons scatter X-ray waves which interfer

constructively in certain directions according to Bragg’s law:

n A=2dsin©
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where d-spacing between diffracting planes, ©- incident angle, n- integer usually 1, 2-
beam wavelength. The X-Ray diffraction process in accordance with Bragg’s law is

shown below in fig 2.3

A B

Figure 2.3: X-ray Diffraction in accordance with Bragg’s Law

Crystallite size determination

The grain size is estimated using the Scherrer equation:

__Br
B cos 0

Where - wavelength of x-rays, ©- diffraction angle, B- usually 0.9, B— full width at half
maximum (FWHM)
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Fig 2.4: Bruker D8 ADVANCE X-Ray Diffractometer at DTU

Description of X-Ray Diffractometer (Bruker D8 ADVANCE)

The Bruker D8 Advance is a Cu-source, theta-theta diffractometer equipped with a Lynx-
eye position sensitive detector. This detector allows for a range of scattering angles to be
measured simultaneously, increasing signal detection and decreasing scan times. Two
sample stages are installed with the diffractometer: 1) A rotation stage for increased
crystallite illumination and 2) an Anton-Paar CHC Cryo & Humidity stage. Samples can
be heated or cooled under and inert atmosphere or vacuum from - 190°C to 300°C,
allowing for temperature dependent phase identification. The sample stage is also
equipped to handle various level of humidity for biological applications. The Bruker D8
Advance is ideal for temperature dependent x-ray diffraction analysis of inorganics,

pharmaceutics, and organic systems which require precise temperature control [45]
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2.2.1.2 Scanning Electron Microscope (SEM)
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Fig 2.5: Schematic diagram of the SEM [36]

The scanning electron microscope (SEM) obtains information such as surface
topography, morphology, surface fractures and chemical composition.

As shown in fig 2.5 above, the SEM uses a focused beam of high energy electrons
produced by an electron gun instead of light allowing high resolution. The electron beam
travels in a vacuum from the electron gun and is focused to the sample by means of
electromagnetic fields and lenses and upon striking the sample surface electrons and x-

rays are ejected [37].
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The different types of particles emitted are shown below in fig 2.6

Incident Beam
primary backscattered

H-rays electrons

secondary electrons
Auger electrons

Sample

Fig 2.6: Different types of particles emitted

The X-rays, backscattered electrons (BSE) and secondary electrons are then collected by
the detectors to provide information about the sample.

The secondary electrons are low energy electrons which originate from near the sample
surface and therefore provide information about the surface topography and the BSE are
high energy electrons that are reflected back through interaction with the specimen atoms
and as such are used to detect contrast between areas with different chemical
compositions [38].

The X-rays produced may also provide information for elemental analysis in EDX
spectroscopy but however is not reliable as it is usually associated with false peaks, noise

from amplifiers and microphonics [39].
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Fig 2.7: HITACHI S-3700N SEM at DTU

Description of SEM (Hitachi S-3700N)

The Hitachi S-3700N SEM is a conventional microscope with tungsten electron source
which features a high vacuum observation method which does not permit observation of
non-conductive samples such as electronic components, and water containing samples
such as cultured cells, without any sample preparation. Sample preparation is done by
coating them with a thin layer of gold using an ion sputtering machine before inserting
them into the SEM [37]. The SEM also has accessories such as EDX for elemental
composition analysis. The SEM requires a vibration free environment and is designed for

high-voltage operation with accelerating voltages of up to 15kV.
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2.2.2.1 UV/Vis spectroscopy

Principle of UV-Vis absorption

Absorption measures transitions from the ground state to the excited state [40].
Molecules containing m-electrons or non-bonding electrons (n-electrons) can absorb the
energy in the form of ultraviolet or visible light to excite these electrons to higher anti-
bonding molecular orbitals [41]. The more easily excited the electrons (i.e. lower energy
gap between the HOMO and the LUMO), the longer the wavelength of light it can

absorb.
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Fig 2.8: Schematic diagram of the UV/Vis spectrophotometer

The UV/Vis spectrophotometer measures the intensity of light passing through a sample

(1), and compares it to the intensity of light before it passes through the sample (I o). The

ratio I / I ois called the transmittance, and is usually expressed as a percentage (%T). The

absorbance,.A, is based on the transmittance:

A= —1log(%T/100%)
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A spectrometer records the degree of absorption by a sample at different wavelengths and
the resulting plot of absorbance (A) versus wavelength (X) is known as a spectrum. The

wavelength at which the sample absorbs the maximum amount of light is known as Amax

As shown in fig 2.8 above, the light is split into two beams before it reaches the sample.
One beam is used as the reference; the other beam passes through the sample. The
reference beam intensity is taken as 100% Transmission (or O Absorbance), and the
measurement displayed is the ratio of the two beam intensities. Some double-beam
instruments have two detectors (photodiodes), and the sample and reference beam are
measured at the same time. In other instruments, the two beams pass through a beam
chopper, which blocks one beam at a time. The detector alternates between measuring the

sample beam and the reference beam in synchronism with the chopper.

The Beer-Lambert law states that the absorbance of a solution is directly proportional to
the concentration of the absorbing species in the solution and the path length [42].
UV/Vis is most often used in a quantitative way to determine concentrations of an

absorbing species in solution, using the Beer-Lambert law:

A =logyg(lo/I) = ecL

where A is the measured absorbance, in Absorbance Units (AU), Ty is the intensity of the
incident light at a given wavelength, [is the transmitted intensity, L the path length
through the sample, and c the concentration of the absorbing species. For each species
and wavelength, € is a constant known as the molar absorptivity or extinction coefficient.
This constant is a fundamental molecular property in a given solvent, at a particular

temperature and pressure [43].

Applications

UV/Vis spectroscopy is routinely used in analytical chemistry for the quantitative

determination of different analytes, such as transition metal ions, highly conjugated
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organic compounds, and biological macromolecules. Specially to understand the

interaction of radiation with the matter.

The wavelengths, FWHM and shape of absorption can be correlated with the types of
transitions and corresponding energy, which are valuable in determining the structure of

the molecules and nanomaterials.

Fig 2.9: PerkinElmer Lambda 750 UV/Vis/NIR Spectrophotometer at DTU

Description of Spectrophotometer (PerkinElmer Lambda 750
UV/Vis/INIR)

The Lambda 750 UV/Vis/NIR spectrophotometer is designed to provide the maximum
sampling flexibility for tough samples in chemistry, biochemistry and materials science.
Turbid and cloudy liquids and suspensions are handled with ease by the Lambda 750,
which can make highly accurate measurements up to 6 absorbance units. It uses the twin
deuterium and tungsten-halogen source lamps. True double beam, double

monochromator design provides the highest possible stability coupled with the highest
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accuracy and lowest stray-light performance. The Lambda 750 measures wavelengths in
the range of 190nm — 3300nm with a UV/Vis resolution of 0.17 — 5.00nm.

2.2.2.2 Photoluminescence (PL) spectroscopy

Photoluminescence spectroscopy is a contactless, nondestructive method of probing the
electronic structure of materials. Light is directed onto a sample as shown in fig 2.10
below, where it is absorbed and imparts excess energy into the material in a process
called photo-excitation. One way this excess energy can be dissipated by the sample is
through the emission of light, or luminescence. In the case of photo-excitation, this

luminescence is called photoluminescence.

< | Spectrometer | A | | a A

Photo- Lens ”J-IJN
detector PL

Figure 2.10: Typical experimental set-up for PL measurements.

Photo-excitation causes electrons within a material to move into permissible excited
states. When these electrons return to their equilibrium states, the excess energy is
released and may include the emission of light (a radiative process) or may not (a non-
radiative process). The energy of the emitted light (photoluminescence) relates to the
difference in energy levels between the two electron states involved in the transition
between the excited state and the equilibrium state. The quantity of the emitted light is

related to the relative contribution of the radiative process.
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Photoluminescence spectroscopy provides a good method for the study of luminescent
properties of a fluorophore, bandgap determination, impurity levels and defect detection,

recombination mechanisms, surface structure and excited states [44].

Fig 2.11: HORIBA Jobin Yvon Fluorolog 3 (FL3-22) Spectrofluorometer at DTU

Description of Spectrofluorometer ( HORIBA Jobin Yvon Fluorolog 3)

The fluorolog 3 spectrofluorometer uses a 450W xenon excitation lamp mounted
vertically to image the arc on the slit for more throughput. It has a standard detector
(photomultiplier tube) that covers the full range from UV to near-IR with a resolution of
0.2nm and an accuracy of £0.5nm. The fluorolog 3 is the ultimate in stray-light rejection,
and the double-grating monochromators in excitation and emission positions are perfect
for highly scattering biological samples like lipids and proteins, or solids like powders,

semiconductors or phosphors.
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CHAPTER 3

Study on the effect of recalcination at a higher temperature on
the structural and optical properties of ZnO nanoparticles

ABSTRACT

ZnO nanoparticles were successfully synthesized by the simple sol-gel method using
precursors zinc acetate dehydrate and potassium hydroxide in ethanol/water solvent. The
nanoparticles were calcinated at a temperature of 450°C and recalcinated at 750°C. The
structure and morphology of the nanoparticles was analysed by X-Ray Diffraction (XRD)
and Scanning Electron Microscope (SEM). For the nanoparticles calcinated at 450°C results
reveal that the nanoparticles are agglomerated and possess the hexagonal wurtzite structure.
The room temperature photoluminescence (PL) spectrum consists of UV emission and blue
emission with twin shoulders at ~409nm and ~430nm due to defect states. The XRD results
of the nanoparticles recalcinated at 750°C shows that they retain the hexagonal wurtzite
structure. The ZnO nanoparticles are also deagglomerated as confirmed by the SEM results
and they become spherical. Recalcination at a higher temperature results in the quenching of

visible emission leaving UV emission to dominate at 359nm.

3.1 Introduction

Semiconductor nanomaterials have attracted a lot of interest from various researchers due to
their unique size-dependent properties which manifest when a material is reduced from bulk
to nanoscale [1-2]. ZnO nanomaterial is one such semiconductor nanomaterial with a wide
direct bandgap of 3.37eV and a large exciton energy of 60meV [3-4]. Different morphologies
and properties of ZnO nanomaterial can be derived by changing the growth parameters like
temperature, pH value, concentration etc [5-7]. The room temperature photoluminescence
(PL) of ZnO nanoparticles consists of near band edge (NBE) and visible emission [8-9]. For
applications requiring UV emission only visible emission can be eliminated by a thermal
post-treatment [10]. Different physical and chemical methods have been used to synthesize

ZnO nanoparticles. These methods include RF magnetron sputtering [11], molecular beam
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epitaxy [12], electron beam evaporation [13], sol-gel [14], direct precipitation [15], micro-
emulsion [16] and solvothermal [17]. The chemical methods are however preferred over
physical methods due to low cost, low temperature and simple equipment involved [18-19].
Zinc oxide nanoparticles have a wide range of applications in photocatalysis [20], uv
absorbers [21], gas sensing [22], solar cells [23] etc. The performance of different materials
and devices incorporating ZnO nanoparticles can however be affected if the nanoparticles are
agglomerated [24-25]. Agglomeration has been largely attributed to the method by which the
nanoparticles are synthesized and processed [24]. Ball milling, high-shear mixing and
ultrasonication are widely applied to deagglomerate nanoparticles [24]. In this study, a post-
thermal treatment has been applied to deagglomerate zinc oxide nanoparticles synthesized by
the sol-gel method and the effect of recalcination on the structural and optical properties of
zinc oxide nanoparticles was investigated by using XRD, SEM, absorption and PL
spectroscopy.

3.2 Experimental procedure

All the reagents were of analytical grade and used without further purification. The chemicals
were supplied by Rankem Chemicals Ltd. For the synthesis of zinc oxide nanoparticles,
10.097g of zinc acetate dehydrate was dissolved in 100ml ethanol/water solution and heated
to 60°C under magnetic stirring. A few drops of ethylene glycol were added and a separate
solution made by dissolving 5.16g of potassium hydroxide in double distilled water was then
added dropwise and the precursor solution was left to react for 1% hours with temperature
maintained at 60°C. The milky white precipitate formed was then dried in a temperature
controlled oven at 120°C for 8 hours to obtain a powder which was calcinated at 450°C for 3
hours in a muffle furnace. Structural and morphological characterization were then
performed by X-Ray Diffractometer (Bruker D8 ADVANCE) and Scanning Electron
Microscope (HITACHI S-3700N). The powder was used as calcinated and for XRD
measurements, CuKa radiation of wavelength A=1.54A in the scan range of 5° to 70° for 20
was used. Optical characterization was performed by UV/Vis/NIR spectrophotometer
(PerkinEImer Lambda 750 ) and PL spectrofluorometer ( HORIBA Jobin Yvon Fluorolog 3
FL3-22). The powder was dissolved in water for the measurement of absorption and PL

spectra. The white powder calcinated at 450°C was then recalcinated at a higher temperature
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of 750°C for 3 hours. Structural and optical characterization were then repeated and the
results were compared at the two different temperatures of 450°C and 750°C.

0.046M0] zinc acatata dibydrata in 100ml
athanol water solution at &FC

Add fawr doops of sthylans glyool
00020 KOH in 10ml water iz addad
Mixtu= heated at 60FC for 14she
Dirime at 120°C for Bhr
Calcination at 450°C for 3br
Structursl and optical chemacterization
Feecalcination at 730°C for Shr

Structural and optical characterization

Figure 3.1. Flowchart of the zinc oxide nanoparticles synthesis process

3.3 Results and Discussion
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Figure 3.2. XRD spectra of zinc oxide nanoparticles calcinated at 450°C
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Figures 3.2 and 3.3 show the XRD pattern of zinc oxide nanoparticles calcinated at
450°C and 750°C respectively. The average crystallite size of the zinc oxide
nanoparticles calcinated at 450°C was estimated using the Debye-Scherrer formula [26]
and found to be 48nm. The peaks were indexed to the hexagonal wurtzite structure using
JCPDS card no. 36-1451. However, there is no impurity peaks detected.
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Figure 3.3. XRD spectra of ZnO nanoparticles recalcinated at 750°C

On the other hand, the average crystallite size of the zinc oxide nanoparticles recalcinated
at 750°C calculated using the Debye-Scherrer formula was found to be 41nm. The XRD
peaks corresponding to the hexagonal wurtzite structure were indexed using JCPDS card
no. 36-1451. There were no impurity peaks detected. The sharpness of the peaks confirms

the high crystalline quality nature of the zinc oxide nanoparticles.
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Figure 3.4. SEM images of the zinc oxide nanoparticles calcinated at 450°C

Fig. 3.4 shows SEM images of the zinc oxide nanoparticles calcinated at 450°C. Zinc
oxide nanoparticles calcinated at 450°C are highly agglomerated and have an irregular

shape with an average particle size around 120nm.
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Figure 3.5. SEM images of zinc oxide nanoparticles recalcinated at 750°C
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As shown in fig. 3.5, zinc oxide nanoparticles recalcinated at 750°C are free standing
with no agglomeration and the particle shape is spherical. The estimated average particle

size is around 90nm.
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Figure 3.6. Absorption spectra of the zinc oxide nanoparticles

Fig. 3.6 shows the absorption spectra of zinc oxide nanoparticles obtained after calcinated
at 450°C and 750°C. As marked in the Figs., the absorption spectra shows peak at 377nm
and 375nm at two different calcinated temperatures. The absorption maximum is slightly
at higher state than the bulk ZnO, this reflects the quantum confinement effect. The
nanoparticles obtained after recalcination at 750°C causes further blue shift in the
absorption peak with respect to the 450°C, which confirms the decrease in the particle

size.
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Figure 3.7. Fluorescence spectra of the zinc oxide nanoparticles at Aex. = 320nm

Fig. 3.7 shows the fluorescence spectrum of zinc oxide nanoparticles calcinated at 450°C.
The fluorescence spectrum shows peaks at 354nm, 359nm, 378nm, 409nm and 430nm
which correspond to UV and blue emission. Recalcination of the nanoparticles at a higher
temperature of 750°C eliminates the blue emission resulting in UV emission only at
359nm. A comparison between the properties of ZnO nanoparticles obtained at two

different temperatures is given in Table 3.1.

Table 3.1: Summary of comparison of the properties

ZnO NP [450°C) Zn0O NP (750°C)

Structure and phase Wurtzite (hexagonal phase space  Wurtzite (hexagonal phase

group PE3mc) space group PE3mc)

Agelomeration ez Mo

Crystallite size (nm) 48 41

Aversge particle size 126 =11

[nm}

Particle shape Undefined Spherical
Absorption peak [nm) 277 (L) 375 [Uv)

Emission peak (nm) 354,359 378 409,430 (UV & violet) 359 [UW)
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3.4 Conclusion

Recalcination of zinc oxide nanoparticles at a higher temperature of 750°C altered the
structural and optical properties of the nanoparticles calcinated at 450°C. The
nanoparticles are deagglomerated and become spherical at 750°C. The structure and
phase however is unchanged. The absorption peak is blue shifted when the nanoparticles
are recalcinated at higher temperature, which is due to a reduction in the particle size. At
750°C, ZnO nanomaterials became defect free. The defect-related states are eliminated,
resulting in UV emission only at 359nm. Thus post-thermal treatment at a higher
temperature can also be an effective way to deagglomerate nanoparticles and to
reduce/eliminate defects-related states allowing the material potential use in UV-based

optoelectronic applications.
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CHAPTER 4

Temperature dependence growth of ZnO nanocapsules
using directional agent EDA

ABSTRACT

Short ZnO nanorods with different aspect ratios were successfully synthesized by the
simple sol-gel method at different temperatures using the shape-directing agent EDA.
The morphology of the nanorods was analysed by Scanning Electron Microscope (SEM).
Results reveal that the nanorods synthesized at 450°C have a diameter of ~40nm and a
length of ~300nm. Increasing the calcination temperature to 600°C reduces their aspect
ratio hence confirming the temperature-dependence growth of the synthesized ZnO
nanorods. The decrease in the aspect ratio was also confirmed by absorption spectrum,
which shows a red shift when the ZnO nanorods are calcinated at 600°C. The room
temperature photoluminescence (PL) spectrum consists of UV and blue emission for both

samples with no considerable difference in the emission peak positions.

4.1 Introduction

1D nanostructures have unique properties due to the quantum confinement effect and the
large surface to volume ratio they exhibit [1-2]. ZnO is a group 11-VI semiconductor with
a wide bandgap of 3.37eV and a large exciton binding energy of 60meV at room
temperature [3-4] that exhibits near band edge (NBE) emission and visible emission [5-
6]. The NBE emission is due to free excitonic recombinations whereas visible emission is
due to defect states [7]. The defects present in ZnO nanostructures determine their
optoelectronic properties, which has an impact in material and device applications [8].
Zn0O nanorods have a wide range of applications which include UV lasers [9], solar cells
[10], field emission devices [11], field effect transistors (FETs) [12], LEDs [13]. Several
methods such as CVD [14], laser ablation [15], hydrothermal [16], spray pyrolysis [17],
sol-gel [18] and sputtering [19] have been used to synthesize ZnO nanorods. Wet

chemical methods are however preferred over the physical methods due to the cost
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effectiveness and simple equipment involved [20]. Additives such as EDA can also be
introduced at some instances to promote one-dimensional growth [16]. The effect of
different parameters such as concentration, pH value, temp etc on the morphology and
properties of ZnO nanorods has been studied by different researchers [21-24]. Zhang et
al. [25] have studied the effect of aspect ratio and surface defects on the photocatalytic
activity of ZnO nanorods synthesized by the mechanical-assisted thermal decomposition
method in which they discovered that the calcination temperature has an effect on the
aspect ratio of the synthesized nanorods. In this work, the effect of the calcination
temperature on the morphology and optical properties of the ZnO nanorods grown by a
simple wet chemical method (sol-gel) has been investigated.

4.2 Experimental procedure

All the reagents were of analytical grade and used without further purification. The
chemicals were supplied by Rankem Chemicals Ltd. For the synthesis of zinc oxide
nanocapsules, 10.975g of zinc acetate dehydrate was dissolved in 100ml double distilled
water and 10ml of EDA was added under magnetic stirring at 75°C. A separate solution
was prepared by dissolving 5.611g of potassium hydroxide in 10ml of double distilled
water and added dropwise and the mixture was left to react for 2 hours. The milky white
precipitate formed was then dried in a temperature controlled oven at 120°C for 8 hours
to obtain a white powder which was divided into two portions and calcinated at two
different temperatures of 450°C and 600°C for 3 hours in a muffle furnace.
Morphological characterization were then perfomed by Scanning Electron Microscope
(HITACHI S-3700N). The powder was used as calcinated. Optical characterization was
performed by UV/Vis/NIR spectrophotometer (PerkinElmer Lambda 750) and PL
spectrofluorometer ( HORIBA Jobin Yvon Fluorolog 3 FL3-22). The powder was
dissolved in water solvent for both UV/Vis and PL spectroscopy. The results were then

compared for the two samples calcinated at different temperatures of 450°C and 600°C.
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Figure 4.1. Flowchart of the zinc oxide nanocapsules synthesis process

4.3 Results and Discussion
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Figure 4.2. SEM images of the zinc oxide nanocapsules synthesized at 450°C

The SEM images of zinc oxide nanocapsules synthesized at 450°C and 600°C are shown
in Figures 4.2 and 4.3. The diameter and length of the synthesized ZnO nanocapsules
(450°C) are about 40nm and 300nm respectively. In addition, there are also spherical

nanoparticles with diameters around 50nm.
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Figure 4.3. SEM images of zinc oxide nanocapsules synthesized at 600°C

However, the diameter and length of the zinc oxide nanocapsules critically depend on the
calcination temperature. ZnO nanocapsules synthesized at 600°C have diameters around
100nm and lengths of up to 250nm.
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Figure 4.4. EDX spectra of the zinc oxide nanocapsules calcinated at 450°C
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Figure 4.4 shows the EDX spectra of the zinc oxide nanocapsules calcinated at 450°C.
The elemental peaks corresponding to zinc and oxygen were detected. The elemental
composition corresponding to the peak intensities is larger for zinc element as compared

to that of oxygen. No impurity peaks were detected.

(=]
La ]

Absorbance (a.u.)

Wavelength (nm}

Figure 4.5. Absorption spectra of zinc oxide nanocapsules

Zinc oxide nanocapsules synthesized at 450°C have an absorption peak at 373nm (Fig.
4.5) which is at much lower wavelength than that of bulk zinc oxide (380nm) due to the
guantum confinement effect. Increasing the calcination temperature to 600°C shifts the

absorption peak to 382nm, due to an increase in the particle diameter.
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Figure 4.6. PL spectra of the zinc oxide nanocapsules at Aexe = 320nm

For both samples, the photoluminescence (PL) spectra obtained with 320nm
excitation shows two emission peaks at 360nm and 406nm corresponding to UV and
blue emission, respectively. The UV emission peak is larger than that for the blue
emission confirming the fewer defects in the two materials. There is however no

significant change in the UV and blue emission peak positions.

4.4 Conclusion

Zinc oxide nanorods with short lengths were successfully grown using EDA capping
agent, which promotes one-dimensional growth. The shorter nanorods were a result
of a short growth time of two hours. Increasing the calcination temperature from
450°C to 600°C reduces the aspect ratio of the nanorods, with no significant change
in the UV and blue emission peak positions. The material has potential use in UV and

visible emission devices.
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CHAPTER 5

Growth of self-assembled ZnO nanoflowers by the sol-gel process

ABSTRACT

Self-assembled ZnO nanoflowers were successfully synthesized by the simple sol-gel method
using distilled water as medium and EDA as capping agent. The structure and morphology of
the ZnO nanoflowers were analysed by using X-Ray Diffraction (XRD) and Scanning
Electron Microscope (SEM). The XRD pattern revealed the hexagonal wurtzite structure and
the SEM images show the presence of bullet-shaped nanorods having tip diameters up to
80nm and lengths up to 1um. The absorption at ~264nm exhibits quantum confinement
effect. The room temperature photoluminescence (PL) spectrum consists of UV emission and
blue emission at 360nm and 430nm, respectively. The UV emission is attributed to excitonic

radiative recombination whereas the blue emission is caused by defect states.

5.1 Introduction

ZnO as a semiconductor material with a direct wide bandgap of 3.37eV and high exciton
binding energy of 60meV [1-4] has attracted a lot of attention from researchers due to its
unique properties at the nanoscale [5] and wide range of applications in LEDs [6], FETs [7],
photocatalysis [8], UV lasers [9] and solar cells [10]. The morphologies and properties of
ZnO nanostructures can easily be tailored by changing the growth parameters like
temperature, pH, concentration, time etc. [11-15]. 1D ZnO nanostructures which include
nanowires [16], nanorods [17-18], nanotubes [19-20] have been synthesized by different
methods such as hydrothermal, sol-gel, thermal evaporation and sputtering. Various research
groups have synthesized flower-like ZnO nanostructures composed of self-assembled
nanorods using different methods and conditions [21-29]. In this work, the synthesis of self
assembled ZnO nanoflowers by using a simple wet chemical method assisted by a capping
agent, EDA, is reported. This method exhibits several advantages over the physical methods
like low cost and also requires simple equipment [30]. The structure, morphology and optical
properties of the synthesized flower-like ZnO nanostrures were characterized by using XRD,

SEM, EDX, optical absorption and PL spectroscopy.
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5.2 Experimental procedure

All the reagents used were of analytical grade and without further purification. The chemicals
were obtained from Rankem Chemicals Ltd. For the synthesis of self assembled zinc oxide
nanoflowers, 10.975¢g of zinc acetate dehydrate was dissolved in 100ml of double distilled
water and 10ml of EDA was added under magnetic stirring at 75°C. A separate solution
prepared by dissolving 5.611g of potassium hydroxide in 10ml of double distilled water was
then added dropwise and the mixture was left to react for 6 hours with temperature
maintained at 75°C. The milky white precipitate formed was dried in an oven at 120°C for 5
hours and further calcinated at 450°C for 3 hours in a muffle furnace. Structural and
morphological characterization were then perfomed by X-Ray Diffractometer (Siemens D-
500) and Scanning Electron Microscope (HITACHI S-3700N). The powder was used as
calcinated and for XRD measurements, CuKo radiation of wavelength A=1.54A in the scan
range of 5° to 70° for 26 was used. Optical characterization was performed by UV/Vis/NIR
spectrophotometer (PerkinElmer Lambda 750 ) and PL spectrofluorometer ( HORIBA Jobin
Yvon Fluorolog 3, FL3-22). The powder was dissolved in water solvent and the excitation
wavelength was 320nm for both UV/Vis and PL spectroscopy. The results were then

analysed.

0050 zinc acetate dilyrdrata
in 100m] watsr at 7T5°C

10ml EDAjz addad

0. 1M KOH in 10ml water iz addad

Mixtwrs heated at T5°C for fhr

Drying at 120°C for 5ha

Calcination at 450°C for 3hr

Strocturs] and optical characterization

Figure 5.1. Flowchart of the zinc oxide nanoflowers synthesis process
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5.3 Results and Discussion
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Figure 5.2. SEM images of the zinc oxide nanoflowers

Fig. 5.2 shows the SEM image of the synthesized zinc oxide nanoflowers obtained after
calcination at 450°C. The zinc oxide nanoflowers clusters are almost spherical and these
clusters are composed of bullet-shaped nanorods stacked together and the nanorods
growth is also from a common central point. The nanorods have tip diameters up to 80nm
and lengths up to 1pm.
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Figure 5.3. XRD of the zinc oxide nanoflowers
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Fig. 5.3 shows the XRD pattern. The peaks were indexed to the hexagonal wurtzite
structure following JCPDS card no. 80-0075. No impurity peaks were detected.
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Figure 5.4. EDX spectra of the zinc oxide nanoflowers
The strong elemental peaks detected correspond to zinc and oxygen in the EDS of ZnO

nanoflowers, as shown in Fig. 5.4. No impurity peaks were detected and the elemental

composition is higher for zinc compared to oxygen element.
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Figure 5.5. Absorption spectra of the synthesized zinc oxide nanoflowers

The absorption spectrum shows a peak at 264nm for the zinc oxide nanoflowers. The

shorter wavelength absorption is obtained due to the quantum confinement effect.
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Figure 5.6. PL spectra of the zinc oxide nanoflowers at Aexc = 320nm

Fig. 5.6 shows the photoluminescence spectrum of ZnO nanoflowers with 320nm

excitation. The spectra shows two emission bands at 360nm and 430nm corresponding to
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UV emission and blue emission respectively. The blue emission peak is smaller than that
of the UV emission confirming the fewer defects in the material synthesized at 450°C.

5.4. Conclusion

Self-assembled zinc oxide nanoflowers were successfully grown by the sol-gel process at
a growth time of 6hrs using water solvent. The nanoflowers show an absorption peak at
260nm, which is far below to the 380nm obtained for the bulk zinc oxide. This large blue
shifted absorption is obtained due to the quantum confinement effect and the dominant
UV emission over visible emission gives the material potential use in UV-based

optoelectronic devices.
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