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Abstract

Zmy_x(Aly5Nig5)x O(x = 0,0.0078,0.0156, 0.0234, 0.03125) nanoparticles have been
synthesized by using a simple sol-gel route. ZnO generally crystallizes in three
forms: hexagonal wurtzite, cubic Zinc Blende and rock salt structure. According
to the first principle, periodic Hartree-Flock linear combination of atomic orbitals
theory, the hexagonal Zinc wurtzite is found to be the most thermodynamically
stable form.

It was observed from XRD studies. A Rietveld analysis of the XRD spectra using
GSAS software helped evaluate the variations of lattice constant, lattice strain,
lattice parameter around a = b = 3.25 A, ¢ = 5.20 A of pure ZnO and doped
one. With Al/Ni doping, while the direct bandgap could be nominally tuned from
~ 3.247 eV to ~ 3.273 eV, the Al/Ni doping seems to improve carrier concentration,
mobility, and lattice regularity than pure ZnO. The photocatalytic degradation
of toxic methylene blue (MB) dye could be enhanced from 0.560 < z < 3.125%
Al/Ni doped ZnO. This property has been correlated to the carrier properties of
the materials. This n-type is due to the structural point defect (vacancies and
interstitials) and extended defects (threading/planar dislocations).
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Chapter 1

Introduction and Importance of
ZnQO

A simple oxide is one carrying some oxygen atoms that the normal valency of its
metal allows. Examples- ZnO, CuO, NiO, MgO, and Al,O3 . We get a mixed oxide
upon the combination of two simple oxides. Many types of oxides are classified
based on their chemical behavior e.g.- Acidic oxides, Basic oxides, and Amphoteric
oxides. The process of sample preparation, characterization of sample, and appli-
cation basis on the characterization of mixed oxides in recent years has received
increasing interest because of the many physical and optoelectronic properties of
these metal oxides. Nanomaterials have attracted several researchers from differ-
ent fields due to their unique properties and potential applications in different areas
such as spintronics devices, transparent electronics, piezoelectricity, optoelectronics,

etc.

1.1 Zinc Oxide (ZnO)

Zinc oxide is a type of inorganic compound. The chemical formula is ZnO. ZnO is
a white powder that is insoluble in water. ZnO is used as an additive in numerous
materials and products including, rubbers, plastics, ceramics, glass, cement, etc.
ZnO can be shaped like a rod, star and the size may lie between 30-50 nm. The
defected active oxygen species generated by these metal oxide ZnO are used in ap-
plications like many cosmetics items and personal care products including mineral
makeup, nail products, bath soaps, and face powders. It is also good in water wash
UV protection.

ZnQ is a very active material in different applications such as optoelectronics, spin-
tronics, piezo electronic catalysts, solar cells, UV absorbers, and photoelectric de-

vices. ZnO has a large direct bandgap in the range of 3.1 to 3.3 eV and for bulk



material large exciton binding energy approximate (60 meV) are very good for elec-
tronic properties. We know ZnO is a type of semiconductor due to intrinsic defects.
There are some more interesting properties like green synthesis properties of ZnQO,
and also bio study. The correlation of structural change can be observed by using X-
ray diffraction also gives the knowledge of bond length, bond angle, and the detailed
information about chemical structure phase a polymorphology. The modification
in band properties was observed experimentally and theoretically. The band gap

energy observed in UV range

1.1.1 Crystal Structure

Zn0O generally crystallizes in three forms: Hexagonal Wurtzite, Cubic Zinc Blende,
and Rock salt structure. According to the first principle of periodic Hartree-Fock
linear combination of atomic orbitals theory, the hexagonal Zinc wurtzite is found
to be the most thermodynamically stable form [1]. It belongs to the space group
of P63mec [1,2] which has two lattice parameters; a= 3.25 A, =520 A and is
characterized by two interconnecting sub lattices of Zn?* and O?~ where each anion
is surrounded by four cations at the corners of a tetrahedron with a typical sp?
covalent bonding. The number of alternating planes of tetrahedrally coordinated
0% and Zn*" ions which are pilled alternately along the c-axis (Figure 1.1) describe
the Wurtzite structure of ZnO. The zinc and oxide center in the wurtzite ZnO is
tetrahedral and this tetrahedral symmetry plays an important role in the polarity
of ZnO. Piezoelectricity and pyroelectricity are the direct consequences of the polar
symmetry of ZnO along the hexagonal axis. ZnO is generally found to be an n-type
structure. This n-type structure is due to the structural point defect (vacancies and
interstitials) and extended defects (threading/planar dislocations). The presence of

oxygen vacancies in the ZnO lattice gives it n-type conductivity.

1. Physical properties: Pure ZnO is white and turns yellow on heating. Its
molecular weight is 81.37 g/mol. ZnO has a relative density of 5.607 . Un-
der high pressure, the melting point of ZnO is 1900°C and its heat capacity
is 9.62 Cal/deg/mole at 25°C. It is insoluble in water but soluble in acid.
During the application of pressure, the lattice becomes compact. At melting
temperature, there is a volumetric expansion in the lattice. Applying pressure

suppresses the volumetric expansion and therefore delays the melting point.

2. Opto-electronic Properties: ZnO has a large exciton binding energy around

60 meV at room temperature due to excitonic recombination [3]. This large
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Figure 1.1: Crystal structure of ZnO (Tetragonal lattice)

Zn plane

O plane

exciton binding energy makes efficient excitonic emission in ZnO suggests that
ZnQ is a promising material for optical devices at room temperature or higher.
The process of optical absorption and emission are very much influenced by
transition related to dopants or defects which are usually responsible for cre-
ating a mid-gap discrete electronic state [3]. Many reports show that the
photoluminescence of ZnO shows green emission and the intensity of green
emission increases with decreased particle size and reduced nanowire diame-
ter which gives a quantum size effect. The reduction in particle size increases
the binding energy which in turn enhances the optoelectronic property of ZnO

nanomaterial.

. Optical Properties: As reported in different literature, the optical band gap
of ZnO is 3.44 eV at low temperature (4 K) and 3.3 eV at room temperature
[4] which corresponds to the energy of 375.75 A photons. So, zinc oxide is
transparent to visible light but strongly absorbs ultraviolet light below 375.75
A. Due to this reason, ZnO is used in varieties of optoelectronic applications
like Light Emitting Diode (LEDs), Solar Cells, photodetectors, etc. [1,5-7].
The band gap of ZnO depends upon the carrier concentration. The band gap
tends to decrease as there is an increase in carrier concentration. Photolumi-
nescence of ZnO represents a relatively sharp absorption peak at 380nm (due
to band-to-band transitions) and a wider yellow-green emission band (due to
the presence of oxygen vacancies and other related defects.

Zn0O has a wide bandgap of 3.3 eV at room temperature. This wide band gap

10



has many advantages like higher breakdown voltage, ability to sustain large
electrical fields, lower electronic noise, high temperature, and high- power
operation. These properties make ZnO nanomaterial fit for a wide variety
of electrical applications. The electron mobility of ZnO strongly depends on

temperature and possess a maximum of ~2000 cm? / (V-s) at 80 K.

4. Mechanical Properties: ZnO is a relatively soft material with approximate
hardness ~ 5. Its elastic constants are smaller than other materials belong-
ing to the same group. The high heat conductivity, low thermal expansion,
and high melting temperature of ZnO are some of the basic characteristics of
ZnO nanomaterials. High thermal conductivity makes it useful in the rubber
industry. ZnO is added to the rubber to increase the thermal conductivity.
ZnO exhibits high radiation hardness property which makes it useful in space
or at high altitudes [7,9].

5. Magnetic Properties: Various reports show that room temperature magnetism
can be achieved by doping magnetic impurity in ZnO like Fe, Pb, Co, etc. But
preserving magnetism at room temperature in this material is still a challenge.
Despite many experimental results, the reason behind the origin of magnetism
in this material is not clear. In some cases, it is explained in terms of the
segregation of metallic clusters [10] while in other cases it is due to double
exchange [11,12]. Double exchange occurs between ions of different oxidation
states which predicts the way by which electrons are transferred between two

species.

1.1.2 Zinc Oxide Nanoparticles

Zinc oxide nanopowder is among one of the most researched studies conducted due
to its ability to apply in varied downstream applications. Zinc oxide is inexpensive,
safe, and as well as it can be prepared easily by several methods. The physical
and chemical behaviors of zinc oxide nanopowder can be easily tuned by changing
the morphology by using different synthesis techniques or different precursors or
different materials to produce the nanomaterial.

Zinc oxide nanoparticle is one of the inorganic compounds of group II-IV semicon-
ductor for analytical sensing applications. Zinc oxide nanoparticle appears to be
white powder and insoluble in water. Zinc oxide nanoparticle has an energy band
of 3.37 eV and bonding energy of 60 meV, which provides excellent chemical, elec-

trical, and thermal stabilities. Zinc oxide nanoparticle also has optical, electrical,
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and photocatalytic properties.

Due to these properties, zinc oxide nanoparticle is applied in solar cells, photo-
catalysis, and chemical sensor. Zinc oxide nanoparticle is also known for their low
toxicity and high UV absorption, making it a good candidate to be used in the
biomedical field. Zinc oxide nanoparticle also has a hard and rigid structure mak-
ing it useful in the ceramic industry.

One of the advantages of using zinc oxide nanoparticles in the biomedical field is
that they act as a good surface material. Zinc oxide nanoparticle is naturally known
for their strong resistance to microbes. Due to these reasons, zinc oxide nanoparti-
cle is extensively used for biological labeling, biological sensing, drug delivery, gene
delivery, and nanomedicine. Food and drug administration has approved zinc oxide
as a safe material. Zinc oxide also can solubilize in an acidic environment therefore,
this allows the material to be discovered as multifunctional nanocarriers to ease the
drug-delivering and release processes.

The bandgap of the material is changed because of the discretization of the elec-
tron energy, which can be controlled by the nanometer size particles. Such quantum
dots behave like atoms and become luminescent. Their emission can be continuously
tuned through a large spectrum by changing their size. On decreasing the size, the
electron gets confined to the particle (confinement effects) leading to an increase
in bandgap energy and band levels get quantized (discrete). By reducing size of
the particle, the density of states become more quantized and the bandgap shifts
to higher energies (shorter wavelengths). By changing the size of the nanoparti-
cles, the frequency of emission can be tailored. ZnO nanostructures are one of
the intense interest as they can be prepared by a variety of methods and in a
range of different morphologies like nanorods, nanobelts, nanoflowers, nanoneedles,
nanorings, etc. The Vapour phase synthesis method is the most extensively and
commonly used method by the different research groups for the synthesis of 1-D
nanorods or nanowires. The typical vapour phase synthesis method includes vapour
liquid-solid (VLS) growth, chemical vapor deposition (CVD), metal-organic chemi-
cal vapour deposition (MOCVD), physical vapor deposition (PVD), molecular beam
epitaxy (MBE), pulsed laser deposition (PLD), metal organic vapour phase epitaxy
(MOVPE). Nano flower and nano belts are mainly synthesized by using hydrother-
mal, solid-state process, pyrolysis, wet chemical method, precipitation process, and
many other methods. However, the primary motive of ZnO research is its great
potential for a variety of practical applications, such as in optoelectronic devices,
energy harvesting devices, electronic devices, sensors, catalysts, active compounds

in sunscreens, etc.
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Chapter 2

Experimental and Theoretical
Methodology

This chapter provides basic initial information about the synthesis procedure (sam-
ple preparation) and characterization techniques used in research work. All presently
studied samples have been prepared using sol- gel synthesis prosses. As far as char-

acterization techniques are concerned, we have performed:
1. X-ray diffraction (XRD) to confirm the formation of the structural phase.
2. FESEM to study morphology and size of the material.
3. EDS to confirm the chemical composition of the material.

4. Raman spectroscopy to study the changes in vibrational modes in pure and
doped ZnO (v) UV-Vis spectroscopy to study the band gap tailoring affected
by the defect states generated by doping.

5. Photoluminescence spectroscopy to study the defect states and related optical
properties (color emission) of the materials. It has been used for the analysis

of structural and physical properties.

Further, more specific details about the synthesis of samples and characterization
techniques are discussed accordingly in the ‘experimental’ section of this chapter.
The functionalities of these materials were looked into in the domains of humid-
ity /light sensing and their utilization capabilities as transparent conductive oxides
and UV sensors.

The synthesis and characterization for Zn;_(AlysNigs5)xO (x=0, 0.0078, 0.0156,
0.0234, 0.03125) are briefly discussed in this chapter.

A modified sol-gel process is used to synthesize the samples, which is then fol-

lowed by successive high-temperature annealing. The following characterization
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techniques were used to investigate material properties: x- ray diffraction to con-
firm phase purity and crystal structure, Raman spectroscopy to study vibrational
properties, and UV-Visible spectroscopy to calculate bandgap energy and Urbach

energy.

2.1 sol-gel method

The sol-gel method is one of the most well-establish and simple methods for the
preparation of nanoparticles. From this method we can prepare sample on large
scale. This method has potential control of the whole reaction during synthesis.
Generally in this method, we use nitrides, and chlorides to form oxides.

Chemical precursors citric acid and ethylene glycol vigorously mixed for an hour.
They react to form monomers and later form polymers upon heating the polymeric
solution works as gelling agent. When we heat it at high temperature the polymeric
chain break and releasing energy, thereby a burning agent the gelling solution was
added to the homogenously mixed precursor solution. Mild heaty (~50 c) ensures
homogenous attachment of the homogenously to polymeric chain.

The transparency of the solution was maintained by contrary the alkalinity or acid-
ity of solution. The gel formed after dehydration of the solution the dehydration
process continued until the gel dried out to give burnt ashes. These burnt ashes
contain precursor ions and some remnants of the polymers in the form of C and N
polymers. Compounds Denitrification of the dried gel ashes was done by heating
at 450°C for 6hrs. Samples were the after heat at 600°C for at decarbonization.

2.2 Synthesis Process

2.2.1 Preparation of Pure Sample

ZnO nanoparticles were synthesized by sol-gel method [9] (standard Pechini method)
followed by solid state sintering. Schematic diagram and experimental steps evolved
in nano powder synthesis using sol-gel technique is shown in Figure 2.1. ZnO powder
(Alfa Aesar, purity 99.9%) was dissolved in HNOj [ZnO + 2HNO; 1 Zn(NO3)2 + HO]
to form a Zn solution.

A polymeric solution was formed by concentrated glycerol (Alfa Aesar, 99.9%) in
deionized water at 70°C for 4 hrs. The Zn solution was then added to the polymeric
solution. This solution was stirred and heated on hot plates at ~60°C to obtain fi-
nally “gel-ready solution”. The Zn ions get attached homogenously to the chains of

the polymeric solution. The solution was gradually dehydrated to form gel in ~4hrs.
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SAMPLE PREPARATION

Gelling =
— - agent =i .
.

Precursors +
gelling agent |

ZnO+ 2ZHNO3 N
Zn*t+ NOj

OH-

Nano pov;ders

Figure 2.1: Steps involved in Sol-Gel process

Zn(NO3)s + CgHgO7 + C3HgO3(CoHs — O — Zn — O — CyHs), 1 ZnO + HyO + Ny
+CO;. The gel was burnt on hot plates in ambient conditions to obtain yellowish
white colored powders. These resultant powders were decarbonized and denitrified
by heating in air at 450°C for 6 hrs to form white powders of ZnO. The powders
were further annealed at 600°C for 2 hrs. For electrical characterization, the ob-

tained white powders were pelletized under 4T pressure and sintered at 600°C for
2 hrs.

2.2.2 Doped Sample Preparation

For all doped samples the final “gel-ready solutions” were prepared by obtaining
a mixed solution of the constituent elements in the right proportion. For all the
doped samples the gels were burnt, decarbonized and denitrified similar to the pro-
cess discussed in section 2.1.

Annealing temperature and time were chosen by considering solubility limit of
dopant. In case of Si and Si/Na doped ZnO, annealing temperature chosen was
600°C since beyond it, s samples since at a lower growth time, the formation of
small particle is kinematically favored. The formation of small particles reduces
the super saturation and hence the possibility of coalescencing/agglomerating. The

processes of obtaining these solutions are discussed in the following sections.

AP /Ni?* doped ZnO synthesis

Zmy_(Alp5Nig5) were synthesized for x = 0, 0.0078, 0.0156, 0.0234 and 0.03125
and named Z(AN)S0, Z(AN)S1, Z(AN)S2 Z(AN)S3and Z(AN)S4 respectively.
Aluminum nitrate (molar mass 212.997 g/mol) [Al(NO3)3.9H,0] and nickel ni-

15



trate (molar mass 182.703 g/mol ) [Ni(NOs3)3.6H20] were used as a precursor for
AIPT /Ni?T respectively . Appropriate amount of Al and Ni precursor was dissolved
in distilled deionized water (DDIW). These Al and Ni solutions were then added
to appropriate amount of Zn solution (prepared similarly as Section 2.1) to achieve
Z(AN)S0, Z(AN)S1, Z(AN)S2 Z(AN)S4and Z(AN)S5. The obtained homogenous
mixtures containing Zn and Al, Ni and Zn ons were rigorously stirred for several
hours to obtain the “gel-ready solution”.

ZnO generally crystallizes in three forms: hexagonal wurtzite, cubic zinc blende
and rock salt structure. According to the first principle periodic Hartree-Fock lin-
ear combination of atomic orbital theory, the hexagonal zinc oxide wurtzite is found
to be the most thermodynamically stable form [16]. Structural parameters like lat-
tice parameters, strain, size etc. plays an important role in determining its bandgap
and other optical properties. Lattice parameters mainly depend upon the following
factors [17]:

1. Free electron concentration occupying conduction band minima.
2. Concentration of foreign substituted/doped atoms.

3. Defects in lattice

4. Difference in ionic radii of host and substituted atom.

5. Strain

6. Temperature

Depending upon the properties of the aliovalent ion, i.e., charge, size and electronic
properties, local structural changes takes place. It is generally the case that a higher
charged ion will be able to retain or hold more oxygen in the lattice while a lesser
charged ion will retain less oxygen thereby creating oxygen deficiencies. However,
as much as less oxygen may generate strain in the lattice, same may happen in
case of excess oxygen. Much depends on the ionic radius of the dopant on how
much oxygen can be retained or driven away from the lattice. Hence, aliovalent
ion doping or substitution generally generates distortion in the lattice introducing
strain and thereby defects in structural properties of pure and modified ZnO lattice
[18]. At some amount of substitution, the lattice can no longer sustain the internal
strain and reorganize overall structure of ZnO lattice. In this chapter, we have
done detailed investigation of the effect of aliovalent ion doping in ZnO for sam-
ples AI*™/Ni%T on structural properties of ZnO. The changes in lattice parameters,

strain, vibrational modes, size etc has been studied in detail.
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Effect of AI*"/Ni** Doping on Structural Properties of ZnO

Different concentrations of silicon were doped in ZnO lattice. When an AI** ion
(crystal radius ~ 0.54A) is doped in ZnO lattice, Si may go to an interstitial po-
sition due to its small size compared to both Zn** and O?~ ions (crystal radius ~
0.74A and 1.24A respectively [19]). However, due to its 43 charge, Al** will locally
draw more oxygen than Zn?*. To compensate charge, a tendency of reduction of
positive charge is natural. Thus, incorporation of AI** will decrease oxygen vacancy
VO. Hence, logically a substitution scenario is more probable, where lattice will ar-
range itself to accommodate A>T in the position of Zn, rather than an interstitial
scenario. But this cannot continue for long as soon the VO type of defects will be
taken care of by the excess oxygen dragged by increasing AI** concentration. The
excess oxygen will drive the lattice to locally modify to other structures. However,
all these changes must modify ZnO lattice parameters, strain, vibrational modes,
electronic structure etc. There are limited number of reports present on Al doped
ZnO [20,21-24]. Deep analysis of structure and opto- electronics properties of these

systems needs to be done. The calcined samples were annealed at 600°C for 2 hrs.

2.3 X-ray Diffraction

X-Rays are generated in a cathode ray tube by heating a filament to produce elec-
trons, accelerating the electrons toward a target by applying a voltage, and bom-
barding the target material with electrons. When electrons have sufficient energy to
dislodge inner shell electrons of the target material, characteristic X-ray spectra are
produced. These spectra consist of several components, the most common being Ko
and K . The specific wavelengths are characteristic of the target material (Cu, Fe,
Mo, Cr). Copper is the most common target material for single-crystal diffraction,
with Cu Ka radiation = 1.5418 A. These X-rays are collimated and directed onto
the sample. As the sample and detector are rotated, the intensity of the reflected
X-rays is recorded. Cnstructive interference occurs and a peak in intensity occurs,
when the geometry of the incident X-rays impinging the sample satisfies the Bragg
Equation (nA = 2dSinf) as shown in Figure 2.2.

X-ray diffraction is currently a widely used technique for investigating crystal
structures and atomic spacing. A cathode ray tube generates the X-rays, which
are then filtered to produce monochromatic radiation, concentrated by a collima-
tor, and directed onto the sample. After that, the diffracted X-rays are detected,

processed, and tallied. Due to the random orientation of the powdered material,
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Figure 2.2: Bragg reflection in the atomic planes of crystal lattice

all potential diffraction directions of the lattice should be acquired by scanning the
sample through a range of 26 angles.

The essential components of a diffractometer are:

e X-ray Tube:- X-ray source: To condition the X-ray beam before it touches

the material, use a direct beam slit.

e Soller slits govern the sideways divergence of either the incident or dispersed
beam. The platform that holds and moves the sample, optics, detector, and/or

tube is known as a goniometer.

e Sample Holder for samples Detector slits used to condition the X- ray beam
after it has passed through the sample. The detector counts the number of

X-rays scattered by the sample.

2.4 Field Emission Scanning Electron Microscope
(FESEM)

Morphological study of specimen has been carried out using FESEM [13]. In this
work, FESEM images were recorded using Supra T M 55; Carl Zeiss.

In FESEM, electrons are incident on the surface atoms, very similar to visible
light falling on matter. Due to a much smaller size of electron as compared to
visible light it can resolute much better and can thereby see the sample’s surface,

topography, morphology. The energized electrons sometime while interacting with
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Figure 2.3: Schematic Diagram of FESEM instrument

the atoms are capable of knocking X-ray from the same, by analyzing the X-ray
spectrum, and thereby the composition of the materials. The interaction of electron
and matter results in emission of secondary electrons (SEs), backscattered electrons
(BSEs), Auger electrons, X-rays, etc. A FESEM instrument uses SEs & BSEs for

generation of images and X-rays for elemental analysis.

1. Secondary electrons: Secondary electrons originate from the surface or near-
surface region of the samples as a result of inelastic interaction between pri-
mary electron beam and the samples. They have lower energies (E < 50eV)
and therefore electrons are ejected within few nanometers of the sample sur-
face. In this work, the ejected electrons are detected by Everhart- Thornley

detector.

2. Backscattered electrons: Backscattered electrons originate from broad region

within the interaction volume. They generate due to elastic interaction be-

19



tween electrons (from electron gun) and atoms in the specimen which results
in a change in electron trajectory. Backscattered electrons consist of high-
energy electrons (E > 50eV), that are reflected by the specimen interaction
volume by elastic scattering interactions with specimen atoms. Solid state

detectors are used to detect backscattered electrons.

Imaging in SEM: When the primary electron beam interacts with the sam-
ple, the electrons lose energy by repeated scattering and absorption. This
interaction volume extends from less than 100 nm to approximately 5 pm
into the surface. The size of the interaction volume depends on the electron’s
energy, the atomic Experimental Details 43 number of the specimen and the
specimen’s density. The energy exchange between electron beam and sample
results in the reflection of high-energy electrons by elastic scattering, emission
of secondary electrons by inelastic scattering and the emission of electromag-
netic radiation, each of which can be detected by specialized detectors. The
beam current absorbed by the specimen can also be detected and used to

create images of the distribution of specimen current.

2.4.1 Construction of Instrument

The SEM requires an electron probe, a specimen stage to place the specimen, a

secondary-electron detector to collect secondary electrons, a solid-state detector to

collect backscattered electrons, an image display unit, and an operation system to

perform various operations.

(a)

Electron source: The illumination system of FESEM consists of an electron
source which is maintained at a negative potential. The emitted electron
beam, which typically has an energy ranging from a 100 eV to 30 KeV is

passed through a magnetic lens system.

Condenser lens and objective lens: The electron beam is further focused by a
condenser lens to a spot 0.4-5 nm in diameter. Two-stage lenses are located
below the electron gun. The objective lens determines the final diameter of

the electron probe up to 5 to 10 nm.

Detector: A scintillator is coated on the tip of the detector and a high voltage
of about 10 Kev is applied to it. The electrons hit the scintillator and gen-
erate light. Secondary electrons are detected by Everhart-Thornley detector.
These electrons are accelerated towards a phosphor or scintillator positively

biased to about +2,000 V. The accelerated secondary electrons are sufficiently
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energetic to emit flashes of light by the scintillator. A light pipe carries the
photon signal from the scintillator inside the evacuated specimen chamber of
the SEM to the photomultiplier outside the chamber. The amplified electrical
signal output by the photomultiplier is displayed as a two-dimensional inten-
sity distribution that can be viewed and photographed on an analogue video
display, or subjected to analog-to- digital. The Everhart-Thornley detector is
inefficient for the detection of backscattered electrons because it is positioned
to one side of the specimen and also low positive charge cannot attract high
energy electrons. Therefore, solid state detectors are normally used having a
p-n junction. Electrons which escape the sample are absorbed by the detector
and electron-hole pairs are generated. The number of these electron-hole pairs
depends on the energy of backscattered electrons. One of the two electrodes
of the p-n junction attract electrons while the other holes, thereby generat-
ing an electrical current. The value of the current is therefore proportional

to number of backscattered electrons. The results are displayed on a liquid
crystal display (LCD).

2.5 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rota-
tional and other low frequency phonon modes in a system [14]. It relies on inelastic
scattering (Raman scattering) of monochromatic light (usually from a laser in the
visible, near infrared or near ultraviolet range). The experimental set-up of Raman

spectroscopy is shown in Figure 2.4.

XYZ -Translation
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—
Plasma line
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mirror MlC@scppe
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Mirror
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Lens Filter Filter

Figure 2.4: Experimental set-up of Raman spectroscopy
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Laser light interacts with phonons i.e., molecular vibrations in the system, re-
sulting in modification of light. The modification gives information about the energy
of the phonons of the system. The reflected light from the illuminated spot is col-
lected with a lens and sent through a monochromator. Most of the reflected light
is elastically scattered and is of the same wavelength as of the incident laser line
(Rayleigh scattering). This is filtered out by either a notch filter or a band pass
filter. Rest of the collected light is dispersed onto a detector. Spontaneous Raman
scattering is typically very weak. Separating the weak inelastic Raman scattered
light from the intense Rayleigh scattered laser light is a criticality. In this work
Raman measurement was carried out on a RIR-M151 Research India micro- Ra-
man system at room temperature, using 532 nm line of diode laser as an excitation

source with 75 mW power.

a) Laser: Diode laser (Research Spectra) was used as an excitation source for
Raman scattering experiments. Laser emission was accompanied by many
spurious spontaneous emission lines which must be eliminated to avoid inter-
ference with the Raman emissions. Therefore, a laser-filter monochromator
with a band pass of 1.0 nm (and transmission of 75 %) was used to eliminate

the undesired plasma lines.

b) Filter and microscope: Standard microscope with three plan achromatic ob-
jectives 10X, 50X and 100X, optically adapted to the aperture of the instru-
ment. Other objectives with lower magnification can be used without a correct
aperture adaptation which might introduce some vignetting effect. With the
microscope, incident and scattered optical axis are identical i.e. back scatter-
ing geometry. Notch filters are used to remove Rayleigh scattering and pass
Stokes and Anti-Stokes spectra. Normal mirrors and folding mirrors are used

to focus the laser towards samples.

¢) CCD detector and recording system: For this system, Peltier cooled CCD was
used, working at 215K is selected to offer highest performance to the sys-
tem. Spectrometer is controlled by Research India software. The computer-
controlled scan range, integration time, scan speed and different scan units

are available with the software.

2.6 UV-Vis Absorption Spectroscopy and Diffuse

Reflectance Spectroscopy

When electromagnetic radiation (light) interacts with matter, various effects can be

observed such as reflection, scattering, absorbance, transmittance and fluorescence/
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phosphorescence. Total potential energy of a molecule can be represented as the
sum of its electronic, rotational and vibrational energies. When energy of incident
light is equal to the energy required to excite an electron from a lower energy level
to higher level, the light is absorbed.

Working Principal: Amount of light absorbed is the difference between the inci-
dent radiation (Ip) and the reflected or transmitted radiation (I). Quantitatively
absorbance is described by equation: A = -log(I/Iy). where, A is absorbance, T is
transmittance, Io and I are the intensities of incident and transmitted light respec-
tively at a given wavelength. A UV- Vis spectrophotometer uses a tungsten-halogen
or deuterium lamp as a source. A dispersion device like a monochromator is used to
select the incident wavelength. A detector, which converts UV-visible light into elec-
trical signal is the final component of the spectrophotometer. It is easy to bandgap
(E,) from absorption spectra, in case of solid films of known low thickness, due to
low scattering properties. However, in colloidal samples, due to large surface area
exposure scattering is enhanced. As dispersed light does not reach the detector it
is counted as absorbed light. The technique (optical absorption) cannot distinguish
between the two phenomena.

UV-Vis of powdered sample is carried out by dispersing it in the liquid medium
like water, ethanol, methanol etc. For larger particle size, the particles precipitate.
Thus, the spectrum is mostly due to the liquid. Diffuse reflectance spectroscopy
(DRS) enables us to obtain Eg of powder samples, which scatter in perfectly diffuse
manner. DRS works on Kubelka and Munk model [15], in which diffuse reflectance
R is related to Kubelka— Munk function F(R) by

(1-R)?

F(R) =55

(2.1)
where, R denotes the percentage reflectance from the sample [14,15].

A graph between [F(R).hv]? vs. hr (in eV) can provide the values of a sample with
direct bandgap. An indirect bandgap can be obtained from a plot of [F(R).hv]"/?
versus hr. Diffuse reflectance is measured by an Experimental Details 50 integrating

sphere detector.

2.7 Degradation of Methylene Blue under UV
Light
Methylene blue is a heterocyclic aromatic chemical compound with the molecular

formula CigH1gCIN3S. It has many uses in different fields. It appears as a solid

at room temperature and is odorless, and is a dark green powder that gives a blue
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solution when dissolved in water. We have to degrade the methylene blue. So, we
require electrons so that they can convert the complex component and break it into
a simple component as the electrons try to get attached to the complex structure
of MB. So, first we have to prepare solution for this. We put 6mg amount of MB
in 1 litter DI water than we take some amount of this sample in different-different

beakers and also few ml H,O5 and our sample.

monochromator

Detector

Exit slit

Dispersion device

| Entrance  slit

Figure 2.5: Schematic diagram for UV-Visible Spectroscopic setup

Now we put our solution under light (frequency of light depend on our sample).
So, whenever we shine the light on our solutions with this energy the electron gets
excited. In such manner electrons and holes pairs will generate these exited electrons
attack on MB and MB start degrade. During the photodegradation process, HyO»
is generated. It fastens the process of photodegradation. To achieve better results,
more HyOy was added to the testing solution to improve MB photodegradation.
During the process, HyO5 is decomposed, resulting in the creation of an OH radical

and a hydroxyl ion:
HyOy+ ¢~ — OH® + OH™ (2.2)

The organic dye (MB) can be attacked and degraded by the OH radicals produced:

MB+OH" -+ MB" + H,O (2.3)
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The following is a full description of the aforesaid radical production pathway. When
a photon with an energy hv greater than the bandgap, Eg, i.e., hv > Eg, collides

with the sample, an e-h pair is formed, which can be represented as
NMs+hv — ecp + hip (2.4)

When adsorbed oxygen reacts with an electron, the oxidation state of oxygen is
reduced from 0 to 1/2:
(O2)ads +ecp = Oy (2.5)

The hole, on the other hand, neutralizes the OH by generating an OH° radical:
(HyO < H ++O0H )aas + hirg — H™ + OH" (2.6)
The Oy~ is neutralized by the remaining positive hydrogen ion :
Oy +H"+ HOY (2.7)
As a result, transitory hydrogen peroxide and oxygen are formed:
2HOY — Hy05 + O (2.8)
The Hy0, will be decomposed, resulting in the second oxygen reduction:
HyOy +e — OH® + OH™ (2.9)
The OHY radicals that are created attack and destroy the MB dye:
MB+OH — MB + H,O (2.10)

The next paragraph goes over the deterioration process. MB +h+ MB+ degrada-
tion products are formed when the holes contribute in the degradation of the MB
dye. The addition of the scavenger (H202) can accelerate the degradation rate by
forming OH, OH quickly. Breaking the bonds of the [C-S+=C] functional group in
MB dye is the first step in MB degradation. Now we can calculate how long light
we need for degradation of methylene blue. Such experiments are very useful in

textile industry.
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2.8 Pressure dependent I-V characteristic curve

For pressure IV we use hydraulic press The science behind hydraulics is follow
Pascal’s principle. Essentially, because the material in the pipe is incompressible,
we know that the pressure must stay constant all the way through it, so it only
depends on force and area. even when you're pushing it hard at one end or the
other, such in this manner we put our sample in one end and apply pressure, and
observe the I-V characteristic. Now when we put force the distance between electron
clouds decreases as such electrons move faster than before. first, we start from 0
Ton of pressure, after which on increase the pressure and we observe the current
increases.

This formula uses in hydraulic press
F
P=_ 2.11
d (211)

where F = force and A = area.
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Chapter 3
Result & Discussion

This chapter provides characterization techniques used in present research work.

3.1 X-ray diffraction

X-ray diffraction (XRD) spectra was obtained from the Bruker D2-Phaser diffrac-
tometer. Xray source: Cu-anode ( 1.5406 A). The XRD confirms the phase purity
and crystal structure of Znl- x(Al0.5Ni0.5)x (abbreviated as ZANO) at ambient
temperature. The ZANO samples annealed at 450° show hexagonal wurtzite phase.
The XRD data reveals multiple peaks which can confirm the structural similarities
of these samples to that of ZANO. For Z(AN)S0 (x=0) peaks were observed diffrac-
tion peaks at the (100), (002), (101), (102), (110), (103), (200, (201), (004), (201),
and (202) of the hexagonal.

Wurtzite cif file
Zinc blende cif file
x=0

x=0.0078

x=0.0156
x=0.0234
x=0.03125

450°C(6 hour)
- 101

1
20 30 40 50 60 70 80
20(degree)

Figure 3.1: XRD pattern of Al/Ni co-doped ZnO heating at 450°C(6 hrs)
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A dominant hexagonal wurtzite ZnO structure was revealed from XRD studies

as shown in Figure 3.1 - No secondary phases were found related to simple or

complex oxides of Zn and Al/Ni for x < 0.03125, apart from some minor reflections

of zinc blend.

] B00°C{2 hour)
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Figure 3.2: (a) XRD reveals pure single phase of samples without the presence
of any impure phase. (b) Crystallite size and lattice strain from Debye-Scherer

equation.
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3.2 Rietveld Refinement

Refinement has been done using GSAS software with a Pseudo-Voigt profile and a

6-coefficient polynomial function background, similar to the previous refinements.
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Figure 3.3: Rietveld refinement plot of the Al/Ni modified ZnO.
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3.3 Raman Spectroscopy

Raman vibrational modes were studied in detail [Figure 3.5 (a)]. In hexagonal
structures with C4 6v symmetry, group theory predicts eight sets of phonon normal
modes, namely, 2A142E1+2B1+2E2. Among them, one set of A1 and E1 mode are
acoustic , while the remaining six modes, namely, A1+E1+2B14+2E2 | are optical
modes [16]. The Al and E1 branches are both Structural properties of Pure and
Modified ZnO Raman and infrared active, the two nonpolar E2 branches are Raman
active only, and B1 branches are inactive. Raman phonon modes were also observed
at ~ 99 cm™!, 332 em ™!, 439 cm ™! and respectively as shown in Figure 3.5. The
non- polar E2 high and E2 low modes are due to relative vibrations of oxygen and

zinc sub-lattices in two different orientations along c-axis.

Jowr —x=0
E, - x=0.0078
7 ——x=0.0156
x=0.0234
1 E | x=0.03125

Intensity(a.u.)

100 200 300 400 S00 600 700 800
Raman shift(cm'ljl

Figure 3.4: The room temperature Raman spectra of pure and Al/Ni modified ZnO
annealed at 600°C
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Figure 3.5: Variation in the phonon fre uency and peak width with different doping
concentrations Z(AN)S0, Z(AN)S1, Z(AN)S2, Z(AN)S3 & Z(AN)S4.

3.4 UV-Vis Spectroscopy

a) Band gap: When electromagnetic radiation (light) interacts with matter, vari-

ous effects can be observed such as reflection, scattering, absorbance, transmit-
tance and fluorescence/ phosphorescence. Total potential energy of a molecule
can be represented as the sum of its electronic, rotational and vibrational ener-
gies. When energy of incident light is equal to the energy required to excite an
electron from a lower energy level to higher level, the light is absorbed. Work-
ing Principal: Amount of light absorbed is the difference between the incident
radiation (Ip) and the reflected or transmitted radiation (I). Quantitatively
absorbance is described by equation: A = -log (I/1y) where, A is absorbance,
T is transmittance, Iy and I are the intensities of incident and transmitted
light respectively at a given wavelength. A UV-Vis spectrophotometer uses a
tungsten-halogen or deuterium lamp as a source. A dispersion device like a
monochromator is used to select the incident wavelength. A detector, which
converts UV- visible light into electrical signal is the final component of the

spectrophotometer. It is easy to bandgap (E,) from absorption spectra, in
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case of solid films of known low thickness, due to low scattering properties.
However, in colloidal samples, due to large surface area exposure scattering is
enhanced. As dispersed light does not reach the detector it is counted as ab-
sorbed light. The technique (optical absorption) cannot distinguish between
the two phenomena.

UV-Vis of powdered sample is carried out by dispersing it in the liquid medium
like water, ethanol, methanol etc. For larger particle size, the particles pre-
cipitate. Thus, the spectrum is mostly due to the liquid. Diffuse reflectance
spectroscopy (DRS) enables us to obtain Eg of powder samples, which scatter
in perfectly diffuse manner. DRS works on Kubelka and Munk model [15], in
which diffuse reflectance R is related to Kubelka— Munk function F(R) by

(1-R)

FU =55

(3.1)
where, R denotes the percentage reflectance from the sample [15,26]. A graph
between [F(R).hv)? vs. hr (in eV) can provide the values of a sample with
direct bandgap. An indirect bandgap can be obtained from a plot of [F(R).hv
]'/2 versus hv. Diffuse reflectance is measured by an integrating sphere detec-
tor UV-Vis spectrometer.

Eg can be observed in 450° ZANS1 (~3.207 V) and ZANS2 (~3.271 eV) ZNS0
(~3.278 €V). The Eg value of ZANS3 (~3.209 eV) ZANS4 (~3.258 e¢V) and
S5 (~3.396 eV). This result show very fluctuating result for more precisely
further annealing at 600° here we can observe that bandgap cross ponding
Z(AN)SO (~3.27391 eV) and Z(AN)S1 (~3.26811eV) Z(AN)S2(~3.26345eV),
Z(AN)S3(~3.25763eV) and ZANS (~3.258966eV).

Urbach Energy: Appearance of Urbach tail is due to structural disorder and
strain, caused by structural defects due to vacancies, dopants. ZnO lattice,
naturally, have lots of vacancies and defects. These may contribute to struc-
tural disorders. These disordered states can be observed as band tails in the
UV-vis absorption edge for energy, hv < Eg the Urbach energy, Eu, of the sys-
tem can be used to estimate such disorder. In comparison to Z(AN)S0 83.271
meV), the Eu decreases for Z(AN)S1 (91.0166 meV) and Z(AN)S2 (100.1307
meV), then increases for Z(AN)S3 (105.28532 meV), Z(AN)S (109.5 meV)
here we can see urbach energy increasing so that’s mean distortion increase

inset of figure 3.8).
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Figure 3.6: Tauc plot for band gap from UV-Vis spectroscopy. (a)ZALO at 450°

(6 hrs), (b) a)ZALO at 600° (2 hrs), (c¢) variation in band gap energy for ZALO at
600° (2 hrs) .

Urbach energy has been calculated using the empirical Urbach relation [27]:

a = agexp (Z—Z)(hu Ey) (3.2)

where, ag is a constant, Ey is the Urbach energy. Slope of a In («) versus hv
plot provides estimation of Ey (Figure 3.7)
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Figure 3.7: Variation in Urbach energy

3.5 Pressure-I-V characterization

The pressure-dependent I-V characteristics of all the prepared samples were in-
vestigated. The results were repeatable, and the experiment was repeated on the
same sample numerous times before being repeated on different specimens of the
same composition. For the Z(AN)SO sample, the differences are minor. The cur-
rent rose continuously with applied pressure from Z(AN)SO to Z(AN)S4 at 1.0 V
applied voltage. It’s also worth noting that the current rises steadily from Z(AN)SO
through Z(AN)S1, Z(AN)S2, and Z(AN)S3, before rapidly increasing for Z(AN)S3.
For Z(AN)S2, and Z(AN)S4, the modifications are insignificant. However, the ef-
fects of adding extra Al/Ni appear to be dramatic. As a result, it becomes clear
that greater quantities of Al/Ni ions play a key role in improving charge transfer in
the presence of pressure, which could be attributable to contributions from modified
Zn** ion electron clouds due to AI** ion doping and therefore the presence of Vo's.
The quantity of current generated owing to pressure in the Z(AN)S1 sample does
not so much dependency on pressure but further when we increasing doping the
current rapidly increasing. Z(AN)S4 samples is less than in the Z(AN)S3 sample,
may be indicating that as AI** incorporation increases, conductivity decreases may
be due to an increase in Oi. As a result, it is clear that increasing Vos in the lattice

improves conductivity.
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3.6 Degradation of Methylene blue under UV light

Degradation of MB is successfully done by using pure and modified ZnO. Here
we are doing temperature dependent degradation so first we start experiment for
temperature optimization so here we can in Figure 3.9(a) we shine the light for
same time interwall with different temperature. we can observe from figure 3.9
(b) that at 53°C temperature degradation of MB is highest percentage. In figure
3.9(c) we can see sample ZANS3 have highest capability of degrading MB. Now
we vary the catalyst. In figure 3.9(d) 30mg amount of sample degrade maximum
percentage. there are many more factor which affects reaction rate like- environment
temperature, PH medium and extra addition of radicals. Here we using HyOs as
radical. So, 1.49 molar of HyO, have maximum percentage of degradation. In
Figure 3.10, we Observe that modified ZnO can degrade MB in just 30 minutes.
So, we conclude that we can modify the photo catalyst properties by modifying
Zn0.
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Figure 3.9: (a) & (b) shows degradation vs temperature of MB; (c) show tempera-
ture vs time of MB; (d) shows degradation variation with catalyst of MB; (e, f, g,
h) shows degradation vs wavelength.
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Summary

ZnO nanopowder prepared using very simple and useful sol gel method gave quite
positive results with pure ZnO phase formed at 450 °C. It can also be seen that just
by varying some of the precursor elements used, Sol- gel prepared Zn; (Al 5Nig 5),O
nanoparticles revealed a generally crystalizes in three forms: Hexagonal Wurtzite,
Cubic Zinc Blende and Rock salt structure. group of P63mc the host cation being
Zn?", the AI’* doped system is an oxygen rich system due to the extra positive
charge of AI** as compared to ZnO. In XRD plots the highest intensity peak shift-
ing so according to bragg’s law we can observed that d spacing varies in Modified
sample so various property should be modified.

Rietveld refinement show goodness of fit from that we can see bond length and
bond angle not change much.

UV-Vis plots show that band gap is reduced respect to pure so may be some defects
state is generating between V.B. and C.B. but there is very less change in band gap.
In other manner Urbach energy shows distortion in lattice. In urbech energy plots
we can see urbech energy reduce in modified ZnO respect to pure one. So, distortion
in lattice may decrease.

From pressure dependent I-V characterization we can say when doping precents
increase conductive properties also increases with pressure. Dye degradation - The
photocatalytic degradation of toxic methylene blue (MB) dye could be enhanced
from 0.56% /min for the pure ZnO to 1.29%/min for o, < x < 3.125% Al/Ni doped
ZnO. We degrade MB using these sample so reaction rate of modified sample is far
more than pure sample so by modifying ZnO we can improve their photocatalytic
properties.

So, all we can conclude that by modifying ZnO we can modify there optoelectronic
and photocatalytic properties. Still FESEM and Photoluminescence Spectroscopy

needs to do for recognize the defect states.
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