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Abstract

In this dissertation, we investigated plasmon enhanced optical properties and pho-
tocatalytic applications of composite nanostructures by using noble materials from
theoretical and experimental perspectives.

The theoretical investigation mainly focused on the optical and plasmonic properties
of spherical and spheroidal ZnO@Ag core-shell nanocomposite embedded in non-
absorptive medium. The effective dielectrics function, polarizability, refractive index
and optical absorbance for spherical as well as absorption cross-section and radiation
efficiency for spheroidal nanocomposite are studied. These optical and plasmonic
properties are tuned when size of core and/or composite, shell thickness, shape of
core and/or shell, and refractive index of the host-medium is changed. In spherical
nanocomposite, there are two resonances associated with interfaces while in spheroidal
nanocomposite four plasmonic resonances are appeared that correspond to interfaces
and the bonding/antibonding pairs. The tunable of plasmonic resonances from UV
to infrared spectral regions of such composite enables it to exhibit very interesting
material properties in a variety of applications.

Experimentally, we emphasized the optical properties and photocatalytic applications
of ZnO nanoparticles, triple layered ZnO@Si0,@Ag core-shell composite nanostruc-
tures and Bi doped/undoped TiO, nanostructures. In particular, we synthesized
Zn0O nanoparticles using three different methods as presented in the experimental
section of the study. Due to different synthesis methods and procedures as well as
different surfactant/stablizing agent, the synthesized ZnO nanoparticles have differ-

ent morphology, band gap energy, varying quantum size effect and photocatalytic

Xiv



XV

responses. The photocatalytic performance of ZnO nanoparticles were evaluated by
using methyl orange dye as a pollutant under UV-light irradiation. Triple layered
Zn0QSi0,@Ag core-shell nanocomposites are also fabricated at 400 °C' for different
calcination time. The photocatalytic activity and stability of the as-synthesized sam-
ples were evaluated by photo-degradation of organic methylene blue under ultraviolet
light irradiation. When ZnO@SiO, is coated with Ag, the stability and photo-
catalytic performance of the composite ZnOQSi0,@QAg photocatalysts were highly
enhanced. In addition, Bi- doped/undoped T'iOy nanoparticles are synthesized by
green synthesis method using zingiber officinale extract solution. After doping B,
the band gap energy is decreased from 3.00 eV to 2.76 eV, absorption region is shifted
to visible range of solar spectrum, and surface function is modified. The photocat-
alytic activity of the sample is analyzed by UV-Vis spectroscopy using trypan blue
dye. The photo-degradation efficiency of chemical synthesis 77O nanoparticles is en-
hanced to 98.34 % by doping basic metal Bi and using ginger extraction solution. The
synthesized samples were analyzed using a characterization techniques such as X-ray
diffraction (XRD) spectroscopy, scanning electron microscope (SEM), Transmission
electron microscope (TEM), Ultraviolet visible (UV-Vis) spectroscopy, Fourier trans-

form infrared (FT-IR) spectroscopy, and X-ray photoelectron spectroscopy (XPS).
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Chapter 1

Introduction

Nowadays, researchers devoted their time to fabricate materials which have different
properties for the desire applications. The basic component of these is the nanoparti-
cles, which are 1 nm to 100 nm in size in one dimension at least [II, 2]. At the present
time, nanoparticles have been investigated expansively due to their novel material
properties and applications compared to their bulk counterparts. To produce new
materials with novel properties and applications, nanoparticles have been combined
with other nanoparticles to form nanocomposites which enhances their functionalities.
In an other word, the alternative way of resolving the limitation of microcomposites
and monolithics as well as nanoparticles is nanocomposite materials. Once the ma-
terials are achieved nanometer scale at least in one dimension, interactions at phase
interfaces are greatly improved, and this is playing a crucial role for the improving of
properties. In this context, surface area to volume ratio and quantum confinement
effect of reinforcement materials employed in the preparation of nanocomposites is
crucial to the understanding of their structure-property relationships [3]. Nanocom-
posite can be made in the form of doping, alloying, hetero-structure, core-shell, and

cluster. The preparation of nanocomposite is a challenging task as it requires careful



control of the stoichiometry of all constituent materials. Nanocomposites as well as
nanoparticles have been used for various applications like; solar cell, photocatalysis,
biological application, pharmaceutical application, drug delivery, electronics device,
energy and data storage, and others. Nanocomposites have modified, enhanced, or
unique/new application or properties than it’s individual components. In a nanocom-
posite materials, one of the constituents is a continuous matrix which is called a host
matrix (host medium) while the others dispersed in the host matrix are called in-
clusions or fillers. This work mainly focused on plasmonic and optical properties
core-shell nanocomposites and photocatalytic application of both nanoparticle and
composite nanostructures.

With the growth of nanoscience and nanotechnology, engineering of core-shell (discov-
ered in late 1980) nanocomposites provide the formation of multifunctional materials
in different field of technological application and has aroused scientific research in the
recent years. Due to the interface feature of core-shell nanostructures, enhancements
in the chemical, electrical, catalytic, magnetic, and optical/plasmonic properties of
new material with various applications are of interest. The shell is usually used as
the barrier between the core material and the surrounding material and can alter the
charge, surface reactivity, functionality, stability, toxicity, dispersive ability and cost
effectiveness of the core material [4], [5]. The ultimate goal of engineering core-shell
nanocomposite structure is to obtain new material which has modified /enhanced or
unique/new property for the desire applications. Double, triple or multilayered core-
shell nanocomposite can be from different material configurations and combination
such as from metal, metal oxide, dielectrics or organic/inorganic materials with dif-

ferent combination way, where one material is a core and the other the same/different



material is a shell [6]. The properties and applications of core-shell nanocomposite
are depend on core size/shape, shell thickness/shape, number of layer, material type
of core and/or shell, and refractive index of the surrounding medium.

The other alternative way of improving the shortcoming of nanomaterials is by dop-
ing with transition metal, basic metal, nonmetal, and rare earth element [7]. The
dopant material can modify the band gap energy, recombination rate of photoin-
duced charge separation, thermal/chemical stability, and morphology of the material
[3, 8]. Associated with these modified/improved parameters, the properties as well
as applications of nanocomposite are modified /enhanced [9]. The properties and ap-
plications of doped nanomaterial are depend on the concentration of dopant, dopant
sites, method of fabrication, morphology, and crystalline.

Large number of industries/factories release untreated by-product to the environ-
ment. Specially, the by-product from dye and textile industries are aromatic com-
pounds, potentially toxic and difficult to degrade. The discharge of by-product from
these industries can directly affect aquatic organisms, human health/live and ecosys-
tem/biodeversity [I0]. These discharge by-product can easily mix with water reser-
voirs/damps that can be used for drinking and directly/indirectly affects the hu-
man health through food chain, and reducing soil fertility [I1]-[I4]. Therefore, the
treatment of these by-products is needed before and/or after release to the environ-
ment /community. To treat such waste materials, catalytic methods of degradation
using nanocomposite like; core-shell and doping [15, [16] as well as nanoparticle are
promising materials [I7]. Nowadays, nanotechnology and nanoscience have been given
great scope for the fabrication of desirable nanocomposite materials with large sur-

face to volume ratios, unique surface functionalities, and low band-gap energy to



treat these pollutants through oxidation processes. Among advanced oxidation pro-
cess method, photocatalytic degradation is the effective means of degrading organic
pollutant [I8]. In this process, hydroxyl radical used for degrading pollutants via
conversion to harmless minerals [I1].

Modern nanoscience and nanotechnology are the creation and exploitation of nanopar-
ticles with structural features in between in those of molecules and their bulk counter-
part. In other words, nanoscience and nanotechnology are a technology of design and
fabrications of nanoscale materials with unique properties and functions. Nanopar-
ticles are fabricating for different application, like solar cell, photocatalysis, medical
application, electronics device, cosmetics materials, energy and data storage device
and others. However, nanoparticles have their own limitations or shortcomings for the
require applications regarding to their band gap energy, fast recombination of hole-
electron pairs, morphology, and size. These limitations or shortcomings are overcome
by making alloy, core-shell, doping, hetero-junction, and by using other mechanism.
In addition, when nanomaterials are fabricated using chemical synthesis method, the
by-product can be hazardous to the ecosystem, animals, and biodiversity and the
synthesized nanomaterials may not be stable. The green synthesis method is an al-
ternative method of chemical synthesis and the extracted solution used as reducing,
capping and stabilizing agent. Cost-effective, easy to fabrication, and using nature
gift for different applications like cosmetics, medical, biological application are the
other opportunity of green synthesis method.

Recently, many researchers most extensively studied oxide based nanomaterials for
various applications specially as photocatalyst. Among these nanomaterials, metal

oxide nanoparticles like ZnO and T@O, are a promise for various applications. ZnQO



and 710, are also non-toxic, inexpensive, chemical stable, relative abundance, eas-
iness to fabricate as nanostructures with different morphology, and show different
properties. But, these two materials have wide band gap energy and poor visible
light absorption efficiency. In the past few decades, many effective approaches have
been devoted to overcome the drawbacks and to enhance the properties in the field
of photocatalysis. In band gap energy and electron-hole recombination rate concern,
dopping and core-shell structures are more preferable. Under this consideration, ZnO
and T, based core-shell and basic metallic dopant nanocomposites are studied, re-
spectively. As far as our knowledge concern, ZnO based triple layered core-shell
composite nanostructure for photocatalytic application and green synthesis of B
doped/undoped TiO nanostructures using ginger extraction solution for photocat-
alytic application are not reported.

The main objective of this study is to investigate plasmon enhanced optical prop-
erties and photocatalytic applications of composite nanostructures. The specific

objective of the studies are:

e Investigate the enhancement of optical and plasmonic properties of spherical

and spheroidal ZnO@Ag core-shell nanocomposites.

e Photocatalytic response of ZnO nanoparticles, ZnOQSi0O,@QAg core-shell com-

posite nanostructures and Bi doped/undoped 79Oy nanostructures are studied.

e Compare and analyze the effect of green and chemical synthesis method of ZnO
and Bi— doping TiO,, calcination time of Zn0O@Si0O; and ZnOQSiO,QAg
sample, and the concentration of Bi dopant in T%Os on the photocatalytic

response.



e Study the effect of plant extracted solution on the photocatalytic response and

structural properties of ZnO nanoparticles.

e Synthesis of ZnOQSi0,@QAg as a more stable and reusable photocatalytic com-

posite for photodegradation.

e Enhance the photo-degradation efficiency of chemical synthesis 770, nanopar-

ticles using basic metal Bi as a dopant and using ginger extraction solution.

This dissertation contains two parts: theoretical and experimental. In theoretical
part, we have investigated the plasmonic/optical properties of ZnOQAg core-shell
spherical and spheroidal nanocomposites. The properties mainly depend on the in-
terfaces and axes of oscillation of free electrons. Based on these two factors, two
plasmonic resonances are appeared in spherical shaped nano-composites while four
plasmonic resonances are appeared in spheroidal composite. In experimental part,
synthesis and characterization of ZnO, Zn0OQSi0,@QAg and Bi-doped TiO5 by vary-
ing the parameters; calcination time, concentration, temperature, synthesis method,
and type of extracted solution are investigated. The photocatalytic application and
properties of synthesized nanomaterials are studied in detail. The dissertation is

organized as follows:

e Chapter 2: In this chapter we present the interaction of metal/dielectrics com-
posite with incident field wave and the optical response of the interaction. To
study the optical /plasmonic properties of the composite, we will use two mod-
els; Drude free-electron model for metallic and Lorentz model for semiconductor
material. The theory of light scattering by small particle is also addressed under

this chapter.



e Chapter 3: Under this chapter we describe in detail the synthesis methods and

the characterization tools used for this work.

e Chapter 4: In this chapter we will study the effect of size and shell thickness vari-
ation on the optical properties of a system consists of spherical ZnOQAg core-
shell nanocomposites embedded in host matrix. Under this chapter the effective
dielectrics function, polarizability, refractive index and optical absorbance of the

composite are studied.

e Chapter 5: This chapter is devoted to the discussion of the plasmonic properties
of ZnO@Ag spindle- and disc-shaped core-shell nanocomposites embedded in
the dielectrics passive host matrices. In particular, absorption cross-section and
radiation efficiency of the composite is studied by varying the size and shape of

composite, shell thickness, and dielectrics function of the host matrix.

e Chapter 6: Presents the photocatalytic activity of ZnO nanoparticle prepared
by three synthesis methods; rapid, sol-gel and green synthesis under ultraviolet
radiation. The photocatalytic performance of ZnO nanoparticle is evaluated

by using methyl orange as a pollutant model.

e Chapter 7: A detail description of synthesis method and characterization tech-
niques of triple layered ZnO@QSiO,@Ag core-shell nanocomposite were dis-
cussed in this chapter. The photocatalytic activity, stability and also the prop-

erties of the sample is investigated under this section.

e Chapter 8: In this section we will develop cost-effective and eco-friendly tech-
niques employed for the synthesis of Bi— doped and undoped 770, nanopar-

ticles using zingiber officinale extract solution. The photocatalytic activity of



synthesis samples analyzed by UV-Vis spectroscope using trypan blue dye.

e Chapter 9: Finally, a conclusion of the results obtained in the work and a

proposed direction of the future work is presented under this chapter.



Chapter 2

Optical Properties and
Photocatalysis Mechanism of the
Material

2.1 Introduction

Interaction of light with nanocomposites/nanomaterials show new plasmonic/optical
property without changing the properties of the materials. The linear and nonlinear
optical response of metal nanoparticles is specified by oscillation/excitation of the
surface electrons in the Coulomb potential formed by the positively charged ionic
core. This type of excitation is called the surface plasmon (SP) [19]. In 1908, Mie
proposed a solution of Maxwell’s equations for spherical particles interacting with
plane electromagnetic waves, which explains the origin of surface plasmon resonance
(SPR) in the extinction spectra and colouration of metal colloids [20]. The optical
properties of plasmonic (metallic) materials have been studied for almost more than
a century. These studies showed that metal dielectric composites exhibits different
optical properties due to interfacial effect, when illuminated by plane waves. Since,

the optical properties of metal nanoparticles are governed by SPR, they are strongly
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dependent on the nanoparticle size, shape, concentration and spatial distribution as
well as on the dielectrics properties of the surrounding matrix (host medium).

An incident field wave propagating through different media is affected by interactions
with each medium as it traverses across the boundary between one medium and an-
other. The discussion on incident field waves has been limited to the propagation of
waves and interactions with simple structures composed of arbitrary media. In the
following section, two different models to describe the optical response of a simple
structure model will be discussed: Drude free-electron model and the Lorentz oscil-
lator model. Both models approximately describe the plasmonic/optical properties
of the nanoparticles in various geometrical size and shape and interactions. This
chapter will include a brief description of the theory of light scattering by solids with

nanometers and sum-microns dimensions.

2.2 Models of Dielectric Functions

2.2.1 Drude Free-Electron Model

When incident electric field interacts with metallic or nonmetallic medium, different
optical responses will be displayed. This response optical difference arise due to the
nature of the confinement of the electrons. In the event of free/conducting electrons,
the presence of an oscillating field induces electronic oscillations due to the columbic
interaction within the surface the displacements of the center of mass of the elec-
tron cloud from the ionic core constitutes the creation of a dipole. By definition
the displacement of the charge from its equilibrium position can be permanent and
spontaneous or temporarily induced. For bound electrons the effect of the field is

seen through band to band transition as will be described in the Lorentz model. In
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metallic medium, the overlap of conduction and valence band allows for the excita-
tion of electron with very little energy to different energy and momentum states by
absorption of photons.

In 1900, Paul Drude developed a theory to explain the electrical and thermal conduc-
tivities in metals [21, 22]. Drude model takes a metal as a free gas of electrons and
applies kinetic theory of gases. In our discussion of the Drude model, we shall simply
assume that, in the formation of a metal, the valence electrons become detached and
wander freely through the metal, while the metallic ions remain intact and act as

immobile positive particles, as shown in Fig. [2.1

core electrons valance electrons

nuclgl?smi lectron% } ion

nucleus

(a) (b) conduction electrons

Figure 2.1: (a) A single metal atom; (b) view of metal in Drude model.

In this approach, when the external electric field E = Eqe ™! is applied to a

metallic system the electric charge (¢) is displaced. The equation of motion for an
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electric charge (electron) of mass m is defined by

d’r dr aEo .,

p7e) + i (2.2.1)
where r is the displacement of the electron from the equilibrium point and Fj is the
amplitude of the applied electric field. The damping constant ~ is related to the life-
times of all electron scattering processes, namely; electron-electron, electron-phonon

and electron-defect /impurity scattering processes in the bulk metallic materials.

The trial solution r = rge~“* of Eq. (2.2.1) yields:

_ qE(t)/m

W iy

r(t)

Approximating the electron motion with that of a harmonic oscilator, and invoking

(2.2.2)

into the expression for the dipole moment p = —qgr gives the polarization density

as

2R —iwt w2
P=np=—-ngr= _(ng 0/m?e = - L _Ee,, (2.2.3)
w(w +i7) w(w + )

where n is the number of dipole moment per unit volume and w, is the plasma
frequency of the free electron gas (Fermi sea) defined by the expression:

2
,  ng

= — 2.2.4
“p com’ ( )

where g is the permittivity of free space.
Similarly, from the relation between electric displacement (D) and local electric field
(Ep) i.e., D = gEq+ P, thus the frequency dependent dielectric function of the given

system can be expressed as:

(2.2.5)
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Eq. (2.2.5) demonstrates that the dielectric constant can become zero near the plasma
frequency where the material can support collective modes of oscillating electrons in
phase with each other. By tuning the geometry of the structure, the oscillation can

occur at negative values of the dielectric constant.

For nobel metals, like Ag, Au, C'u, the optical response to electric field is domi-
nated by free electrons in s band in the region w > wy, since the filled d band close to
the Fermi surface causes a highly polarized environment. This effect can be described

by a dielectric constant .., and we can write

2
(,dp

SR (2.2.6)

£(w) =€

2.2.2 Lorentz Oscillator Model

In noble metals such as Au, Ag and Cu, the bound electrons undergo interband tran-
sitions especially at higher frequencies (~ 10'? Hz). These transitions give the luster
in these metals. As we stated previously the optical properties of the metals is associ-
ated with harmonic motion of the conduction electrons relative to the stationary ionic
cores, the behavior of bound electrons cannot be described using Drude model. Hence
the plasma model due to H.A. Lorentz is used as a classical approach to describe the
optical properties of electrons and ionic motion at high frequencies. The plasma
model was developed by H. A. Lorentz as a classical approach to describe optical
properties of materials by assuming that electrons and ions of a medium are simple
harmonic oscillators and neglecting material properties such as the lattice potential
and electron-electron interactions. In Lorentz’s model, such inter-band transition can

be described as a restoring force modeled by Hookes law.
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F = —kr = —mrw;. (2.2.7)

Therefore, for the applied time-dependent electric field, the motion of an electron
oscillator include restoring force, written as
d’r dr aEo

N _ 2 e
o +’ydt + wir —e (2.2.8)

where kr is the restoring force for an electron with a spring constant k£ and wy = \/k/m
is natural frequency.

The solution of Eq. (2.2.8]) can be written as

_ (Bo/m)e
w2 — w4 iyw

(2.2.9)

The optical constants for a system of IV oscillators is derived through the dielectric

function for the bulk material as

2

w
14y =1 P , 2.2.10
e(w) +x=1+ PR ( )

where y is dielectric susceptibility.
The dielectric function (DF) of the system can be decomposed into the real, £; and
imaginary, €2 components, i.e., e(w) = &1 + iey. At the natural frequency, wy, the

imaginary part of the dielectric constant is maximum.

2.3 Localized Surface Plasmon Resonances

When the incident electric field interacts with metallic nanomaterials, the conduction
electrons oscillate coherently by displacing the electron cloud from the nuclei rise

to a spontaneous surface charge distribution. Due to the separation of positive and
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negative (electron) charge a restoring force is induced by the Coulomb interaction,
characterized by oscillation frequencies of the electron cloud relative to the positive
one. Each collective oscillation with different surface charge (free electron) distri-
bution is called surface plasmon resonance (SPR), confined to the interface between
metal and dielectric.

Optical properties of materials which have the size smaller or comparable to the wave-
length of incident field are an intensive research area. The main concept of this area is
the surface plasmon resonance for different geometries, alloys and dielectrics environ-
ments. Localized surface plasmons are non propagating excitations of the conduction
electrons of metallic nanostructures coupled to the incident field [23]. Consider a
metallic structure whose size is much smaller than the wavelength of the applied
electromagnetic/electric field. When such a metallic structure interacts with an oscil-
lating field, the field both inside and near-field zone outside the structure is enhanced
due to the resonance of electrons on its surface. Such kind of resonance is called
localized surface plasmon resonance (LSPR). The plasmonic/optical, magnetic and
other properties of metal and metal based composites are highly influenced by LSPR
[24]. The wavelength of surface plasmon resonance is depend on the type of material
(composition), geometry and size of nanoparticles, electron density, and refractive

index of surrounding material.

2.4 Theory of Light Scattering by Small Particles

When a nanoparticle is under the action of an incident field light, light rays can be
reflected /redirected in random directions due to the presence of obstacle or inhomo-

geneities which result in the change in the refractive index of the material. Therefore
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the interaction of incident light with the materials causes the electronic cloud, elec-
tron begin to oscillate, transforming energy from incident wave to another form of
energy in an absorption process. The electrons of the target material can also be
accelerated and then irradiated in scattering process. The attenuation of electromag-
netic wave going through nanoparticles dispersed in homogenous medium is the sum

of absorption and scattering called electromagnetic (EM) extinction.

2.4.1 Scattering, Absorption, and Extinction

The plasmonic/optical properties of spherical and spheroidal (oblate, prolate shape)
of nanostructures are quantified in terms of absorption (o,.s), scattering (o) and
extinction (oe.s) cross-sections. The extinction cross-section represents the loss of
energy from the incident beam due to both absorption and scattering cross-section.
Absorption (0,.s) and extinction (o) cross-sections as well are defined as the area
removed from the incident beam due to absorption by the medium and the total area
removed by the medium, respectively. The relation of these three terms are expressed
as follows:

Oecs = Oges + Oses- (2.4.1)

The scattering and absorption cross-sections as well as extinction cross-section are

related to the polarizability of a solid. Polarizability («) of spherical and ellipsoidal
geometry has different expression (see Eq. (2.4.18]) and (2.4.45))). Based on the quasi-

static approximation, the expression of the corresponding cross-sections, in terms of

polarizability, are given by [25] 26],
, (2.4.2)

Oacs = kIm[a], (2.4.3)
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where k = 271'@ A is the wavevector with A and ¢, are the wavelength of the
incident field light and dielectric function of the host medium, respectively. The
scattering cross-section is related to the imaginary part of polarizability (i.e., Im|a]).
Polarizability is proportional to the volume of any geometrical structure, within this
regard, o,.s depends on the linear volume while o,.s depends on the square of volume.
Therefore, in small structure absorption is dominant and in large structure scattering

is dominant [27].

2.4.2 The Quasi-Static Approximation

When the considered nanoparticle’s size is much smaller than the incident electric
field’s wavelength, the incident electric field may be regarded as spatially uniform
over the entire of the particle; this is the quasi-static approximation. Despite its
simplicity and lack of rigor, this approach is useful for qualitative understanding of
the phenomena related to light scattering by nanoparticles as it considerably simplifies
the mathematical analysis. In this case, the electrostatic solution can be obtained
by solving Laplace equation for the potential. Considering a spherical nanoparticle
with a radius r, which is much more smaller than the incident field’s wavelength,
embedded in a nonconducting host material, the phase retardation of the oscillating
field over the sphere can be neglected. Thus the field can be approximately treated
as an electrostatic field £ = EyZ as shown in Fig. ep, and e(w) (or simply written
as ¢) are the relative permittivity of the surrounding medium and that of the sphere
(system), respectively. By introducing the potential ¢, we can write the electric field

as E = —V¢. To get the electric field distribution through the medium, we firstly
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Figure 2.2: Homogeneous nano-sphere in electrostatic field.

need to get ¢, which is the solution of Laplace equation
V3¢ = 0. (2.4.4)

Assuming the given medium is a homogeneous and isotropic, thus it is symmetric in
the azimuthal direction. The general solution is given by
¢(r,0) = [Apr' + Br~ V)P cos(6). (2.4.5)
1=0
In which P, is the Legendre polynomials of the {** order. First, let us determine the
potential inside the sphere. When r — 0, the potential should be finite. So, we obtain

B; = 0. The solution inside the spherical medium becomes

Gin(r,0) = Z Air' Py cos(6). (2.4.6)
=0
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For the field outside the sphere at a distance r >> a, the term Byr~(+1 P cos(f) in

Eq. (2.4.5) is smaller enough to be omitted. We obtain

Gout(1,0) = i Cyr' Py cos (). (2.4.7)
1=0

And from electrostatic field theory, we have

¢Out|7‘~)oo ~ —E()T cosf = —Eo’T’PI(COS 6) (248)

Comparing Eq. (2.4.7) to Eq. (2.4.8]), we obtain
Cl = Eo, Cl =0. (fOF l 7& O, 1) (249)
The solution outside the spherical medium can be written as

Gour = Co — EorP(cos ) + Z Dyr~ Y Py(cos ). (2.4.10)
1=0

The continuous of potential at the interface between the sphere and the surrounding

medium demands
¢in|r:a = ¢out|r:a- (2411)

Moreover, the continuous of normal component of displacement gives

a oy a mn
€E0€hn 27’ é |r:a - 505%|rw (2412)

Substitution of Eq. (2.4.11)) and (2.4.12)) into Eq. (2.4.6)), (2.4.10) and comparing the

coefficient of the same order yields

Dy =0 Ay = -2 A=0
’ T : (140,1), (2.4.13)
C() = Ao Cl = 884:2€€hh a3E0 Bl =0

then the solution becomes

o 3e
Gin = Ao — 5 Eor cos 0 (2.4.14)

— e—€n 3 )
Gout = Ag — Egr cos b + Ta Eor—=cosé.
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By introducing dipole moment

€+ 2¢y,

p = 4mepena Ey, (2.4.15)

the potential outside the sphere can be rewritten as

p.r

Gout = Ag — Egrcos) + ——.
dregenr®

(2.4.16)

From the equations, we observe that the external applied field introduces a dipole

moment inside a sphere of magnitude proportional to |Ey|. If we introduce the po-

larizability « into Eq. (2.4.15)), rewritten as
P = coenaeki, (2.4.17)

yields

o= drgt ST _glezeny, (2.4.18)
€4 2¢y, €+ 2¢y,

in which « describe the polarizability and V' is the volume of the nano-sphere. It
is apparent that the polarizability experiences a resonant enhancement under the
condition that |e + 2¢,| is a minimum, which for the case slowly tuning I'm(e) around
the resonance simplifies to

Rele] = —2¢y,. (2.4.19)

The relationship is also called Fréehlich condition [23] and the associate mode (in the

oscillating field) is the dipole surface plasmon of the metal nanoparticle. Applying

E = —-V¢on Eq. (2.4.14) gives us the electric field distribution

. _ 3€h
Pin = 22, (2.4.20)
Eout = EO + Sripr)p 1

4dmege, T3

The fields both inside and outside the spherical medium are enhanced due to the

dipole resonance.
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2.4.3 Spherical Particles - Mie Theory

Mie theory is analytical description of optical property of metallic nanoparticles. This
is the simplest exact solution of Maxwell equations and original Mie formulation for an
incident electromagnetic (EM) plane wave interacting with metallic sphere of a radius
r embedded in a host medium. In 1908, Gustav Mie solved the Maxwell equations for
the interaction of incident electromagnetic field with a metallic sphere using spherical
polar coordinates [28]. The interaction of this EM wave with spherical nanoparticles
produces scattering and absorption of incident plane wave. The Mie theory is used
to calculate extinction cross-section for multipole oscillations. In the Mie theory, the

scattering and extinction cross-sections are calculated by [29]:

Covs = |k|2 Z 2n + 1)Re(a, + b)), (2.4.21)
Oocs = |2—7|T ;(271 + 1) (|an|* + [ba]?), (2.4.22)
with
i (me)i(x) — ) (ma) (x)
" () (@) — (@) (2.4.23)
b (ma) () — mapt(ma)n ()
o = ) @) — i (ma) () (2.424)

where m is the ratio of refractive index of metallic sphere n and to that of host
medium ny, 1, and 7, are the Riccati and Bessel functions, the prime (’) indicates
the first differentiation of Riccati and Bessel function with respect to the argument,
and n is index of summation of partial waves (n = 1 for dipole oscillation, n = 2 for

quadrupole oscillation, n = 3 for octupole, and so on).
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2.4.4 Size Effects

Nanomaterials have unique properties due to its increase in the surface area to volume
ratio and the quantum size effect. If the size of nanocomposite materials is smaller
than their De-Broglie wavelength of electrons and holes are spatially confined, creat-
ing electric dipoles. Nano-sized materials have a probability of significant interface
interaction, which strongly determines the properties like electrical resistivity, chem-
ical reactivity, adhesion, and catalytic activity.

For instance, for very small metallic nanoparticles, the plasmonic properties are de-
pendent on the radius r. The dielectric function Eq. is dependent on the size
of the material, and defined as [30), 31];

w2

e(w,r) = €00 — w(TZv(T))' (2.4.25)

The size dependent damping parameter can be expressed as;
V
Y(r) =0+ A7f, (2.4.26)

where 7y is the bulk damping constant, V; is the speed of electrons at Fermi energy
surface and A is a parameter that depends on the specifics of the scattering process.
The size dependent damping parameter highly determine the sharpness and broadness

of optical absorbance of metallic nanoparticles as well as nanocomposite.

2.4.5 Ellipsoidal (Non-Spherical) Particles - Shape Effects

One of the main factors affecting the plasmonic properties of nanomaterial is shape.
For instance, spherical nanomaterials has two plasmonic resonance associated with the
interfaces, but, ellipsoidal nanoparticles possess more than two plasmonic resonances

corresponding to the oscillation of electrons along the three axes and interfaces. These
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resonance wavelength depends on orientation of applied electric filed relative to the
system. In these kinds of geometrical nanomaterials, plasmonic resonance frequency
can be easily enhanced by changing axes length or eccentricity of the material. The
high tunability of optical response of ellipsoidal nanoparticles have attracted the
intense research interest due to their diverse application suites. In this geometry, the
surface plasmon mode can be split into along the axes a, b and ¢ (where a > b > ¢).
Consider the area of the surface of an ellipsoid centered at the coordinate origin, with

rectangular cartesian coordinate axes as shown in Fig. [2.3

z

(a =b > c)

Figure 2.3: Schematic model of ellipsoidal particle.

X2 y? A
? + b—2 + 0_2 =1. (2.4.27)

The electric potential of confocal ellipsoidal nanoparticle subject to a uniform electric
field is obtained with the help of ellipsoidal coordinates (&, 1, (). To determine the

dipole moment of the system in the quasi-static approximation, the surface area of
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ellipsoidal system is required. Therefore, the surface of an ellipsoid in ellipsoidal

coordinates (£, n, ) is express as [32]:

X* Y4 7

=1, —-*<&< 2.4.28

a?+¢ T Ta +& ¢ <& <00, ( )
X? Y2+ 72

=1, =W <n<-—¢ 2.4.29

a? +1 e ey no O ( )
X2 y?2 72

+ ¢ + 1, —a®<(<—b (2.4.30)

2+¢ . » @+ ¢
X,Y and Z in terms of the ellipsoidal cartesian coordinates (&, 1, () and semi-axes

can be defined as:
(a® +&)(a® +n)(a® + ()

X% = )@ ) (2.4.31)
s PP+ +n)(* + ()

Y? = @@ ) (2.4.32)

g (E+OCE+n)(E+ (2.4.33)

(@ — ) — )
Consider a homogeneous ellipsoidal particle exposed to applied electric field along

Z-axis, the potential ® has symmetric properties as,
O(X,Y,Z)=d(-X,Y,Z)=9(X,-Y,Z) =d(—X,-Y, 2), (2.4.34)
and
(XY, -2)=9(-X,Y,-2)=d(X,-Y,—2) =d(—X,-Y,-2). (2.4.35)

The potential inside the particle ®; and potential outside the particle 5 may be

written as the superposition of the potential ®, of the external field;

A+ (A + )@+
@- - |
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and perturbing potential ®, caused by the particle. At sufficiently large distances
from the particle the perturbing potential is negligible. We note that when & > a2,

then & ~ r?; therefore, we require that

lim &, = 0. (2.4.37)

E—o0

The potential is continuous across the surface of ellipsoidal particle and by using the

boundary of the particle, the potential becomes:

®1(0,7,¢) = Po(0,7,¢) + (0,7, ¢), (2.4.38)

and the normal component is also continuous across the surface of the particle,

0 _, la% %] (2.4.39)

Toe ~oe e
where ¢ is the dielectric function ellipsoidal particle and ¢, is the dielectric function

of host-medium. Applying Laplace equation and boundary equation stated above, we

can obtain the following expressions:

@
1+ L)

abcs z—:h
®, = 0y e j?;’“f : (2.4.41)
= L.

where L. is the depolarization or geometrical or shape factor is given as;

_abe [T dg
k=% ), @rof@ (2442)

and f(q) = [(a® +q) + (0* + q) + (2 + ¢)]*/?. At large distance r from the origin, the

potential @, is given asymptotically by;

abc e—¢€p,

Eocos)  “2%
0O _ 3 en (r > a) (2.4.43)

o, ~
2 — )
T 1+ Z)C—asjh

p
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From the relationship between potential and dipole moment, as written in Eq. (2.4.16]),

the dipole moment can also expressed as;

E—E&p

P = 4wabe
3(en + Ls(e —en))

Eo. (2.4.44)

Therefore, the polarizability, a., of an ellipsoid in a field parallel to Z axis is

E—¢&n

30en + La(e —2n))" (2.4.45)

a,. = 4mwepabe

The depolarization factor and polarizability for the remain axes (X and Y') have the

Figure 2.4: Schematic diagram of a spheroidal particle with dimensions (a, b, ¢), such
as a > b = c (prolate left) and a < b = ¢ (oblate right) [33].

same expression as Z. For the special class of ellipsoid; spheroids, which have two
axes of equal length (a > b = ¢ for prolate spheroid and a < b = ¢ for oblate spheroid
as shown in Fig. and sphere (a = b = ¢), only one of the depolarization factor
which is independent and all three depolarization factor are equal (L, = L, = L. =
1/3), respectively. The depolarization factor of spheroidal nanoparticle is explicitly

explained in Chapter 5.
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2.5 Basic Principles and Mechanism of Photocatal-
ysis

Photocatalysis is a unique process for remedying environmental and energy issue.
The term ‘photocatalysis’ is composed from two words: ‘photo=light’ and ‘catalysis’.
It also means that, in the presence of light and catalysis, the photocatalytic reaction
is taking place on the surface of the catalyst. In terms of phase of reaction, the pho-
tocatalysis materials are classified into two: homogeneous photocatalysis in which
reaction of photocatalytic takes place in a homogeneous phase and heterogeneous
photocatalysis in which photocatalytic reaction takes place at their interface of two
different phases or media.

Three main components which determine a photocatalytic reaction are, an emitted
photon, a catalyst surface and an oxidizing agent. The photocatalytic process is insti-
gated, when the incident photon energy is equal to or greater than the photocatalyst
material’s band gap energy (£,). When the photon energy interacts with material,
electron-hole pairs are formed and they are used for oxidation and reduction process.
Photocatalyst is an excellent technique which can be used for many applications such
as production of hydrogen, antibacterial activity, purification of air, and degradation
of organic pollutants in waste-water. After few decades, researchers give more atten-
tion for photocatalytic process in the field of waste-water treatment. Nowadays, the
environment as well as aquatic body are polluted by industrial waste material. These
polluted water by organic pollutants can be removed by heterogeneous photocatalysis
which is a new promising alternative method. In waste-water treatment technology,

the following important factors must be considered [34]:

e Flexibility of treatment
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e Efficiency
e Recyclability
e Fco-friendliness and cost-effectiveness

Semiconductor material like ZnO, TiOy, SnOy, CeO,, and bismuth oxyhalides are

some examples of heterogeneous photocatalysis. The basic mechanisms of semicon-
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Figure 2.5: Schematic diagram of photocatalytic reaction mechanism.

ductor based photocatalysis include;

e Photoabsorption in the catalyst material leading to an electronic transition from

the valence band to the conduction band

e Valence band holes can oxidize donor molecules and react with water molecule

to generate hydroxyl (OHe) (strong oxidizing agent)
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e Electrons in the conduction band react with dissolved oxygen species to form

superoxide ions. These electrons induce the redox reactions.

The photocatalysis efficiency of materials is dependent on the following parameters
crystal structure, size of the nanomaterial through quantum confinment effects, mor-
phology and active area sites in the material, reaction temperature, light intensity,

amount of waste-water, and concentration of catalysis material.



Chapter 3

Synthesis of Nanocomposites and
Characterization Techniques

3.1 Introduction

Nano-synthesis is the production of novel nanomaterials with tunable properties for
novel and diverse applications. Synthesis methods play a vital role in the develop-
ment, modification and enhancement of their physical properties. Hence there is need
to optimaze the size, surface topography and/or morphology of the nanomaterials.
The synthesis method of nanomaterials are generally classified into two: bottom-up
and top-down approach. Bottom-up or constructive method is the most preferable
approach to synthesize nanomaterials from atom/molecule/cluster. Sol-gel, precipi-
tation, hydrothermal, chemical vapor deposition, pyrolysis, and biosynthesis are the
most commonly used bottom-up methods. Top-down or detractive method is the
reduction of bulk materials using different techniques to nanometric scale material.
Among these techniques are mechanical milling, laser ablation, thermal decompo-
sition, and sputtering. The synthesis methods and their classification are summa-

rized in Fig. [B.1] The geometry (morphology and size), elemental composition,

30
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Figure 3.1: Illustration of the two types of synthesis processes and the suite of methods
for fabricating nanoparticles.

surface charge, optical property, application, strength and stability, and crystallogra-
phy of the synthesized nanomaterials are characterized by X-ray diffraction (XRD)
spectroscopy, scanning electron microscope (SEM), transmission electron microscope
(TEM), UV-Vis spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, and

X-ray photoelectron spectroscope (XPS).
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3.2 Synthesis Methods

3.2.1 Sol-Gel Method

Sol-gel method (developed in the 1960s) is a process of formation of colloidal suspen-
sion (sol) and gelation of colloidal suspension to form a network in a continuous liquid
phase (gel). The starting materials (precursors) are inorganic metal salts or metal
organic compounds like, metal alkoxides [35]. The precursor should be added into
water or dilute acid to form a dispersible oxide and forms a sol by shaking, stirring,
or sonication [9]. The removal of liquid from the sol yields the gel, and the sol-gel
transition through hydrolysis and condensation controls the synthesized size, shape,
porosity, and high surface area for catalyst supports. The separation of the liquid
solution from the sol and the subsequent drying leads to the formation of a gel which
is calcined to form the oxide nanoparticle. The sol-gel method is mostly preferred
due to its low processing cost, simplicity, energy efficiency, high production rate and

rapid productivity of fine homogeneous powder.

3.2.2 Rapid Synthesis Method

Rapid synthesis method is a new method to synthesize nanoparticles using heat.
When the precursor is placed in furnace within sufficient temperature, the precursor
is decomposed into the final product. The other constituents of the precursor are
decomposed into a gaseous form. As the name indicates, this method is very fast,
we can get the sample within less than half a day. To synthesize samples, a certain
gram of precursor is placed in the furnace and set the required temperature to de-
compose. Different morphology and size can be prepared only by varying two factors:

calcination time and/or calcination temperature.
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3.2.3 Green Synthesis Method

Green synthesis method is an environmental eco-friendly approach for the synthe-
sis of non-toxic and biodegradable nanomaterials. This method is easy to handle,
cost-effective, reliable, and environment-sustaining. The solution is extracted from
different plants part (root, leaf, stem, fruit, seed), vegetable, enzyme, algae, fungi [2].
After collecting the required amount, the extraction solution is prepared in different
ways. For instance with regards to plant leaf, (1) the leaves are washed by pure water
to remove dust or organic materials from it’s surface, (2) cut/grind into small pieces
after /before dried, (3) the pieces macerated or boiled in water/methanol or in other
solvent for the required time/day, (4) finally the extract solution is separated by using
filtration technique. A certain amount (concentration) of extracted solution is then

used for the synthesis of nanomaterials.

3.3 Characterization Techniques

Several characterization techniques were used to investigate the structural, optical,
catalytic, magnetic, electronic properties of the sample in this work. The princi-
ples and properties that are investigated using these characterization tools will be

discussed in detail in the subsequent sections.

3.3.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is one of the most extensively used technique for the charac-
terization of the crystal structure and microstructure of synthesized nanomaterials.
XRD relies on the probing of the regular arrangment of atoms with a grain or crystal

in a solid by X-ray scattering by their electron densities. Up to 1895, the study of
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matter at the atomic level was a difficult task but the discovery of electromagnetic
radiation with 1A (107'%m) wavelength, also known as X-ray radiation enabled the
study of materials using diffraction at such length scales. As the atomic distance in
matter is comparable with the wavelength of X-ray, the phenomenon of diffraction
find its way through it and gives many profitable results related to the crystalline
structure. X-ray diffraction (XRD) is a versatile, non-destructive technique used for
qualitative and quantitative analysis of a crystalline materials.

X-ray diffraction has also been used to determine the phase of nanomaterials through
determination of the lattice constants, grain sizes, dislocation lengths, phase matching
in unknown materials, stress, texture and orientation of single crystals amongst other
physical properties. In this way the technique can provide information on the phase
purity, crystal quality and texture or preferred orientations in select forms of mate-
rials (thin film, bulk and powder). In addition, the diffraction pattern also provides
information regarding the types of phases present in the polycrystalline material and
can be used to calculate the approximate average grain size using Scherrers equation
given by the expression [10, [36].

0.9\

where A is the wavelength of incident X-ray beam (~ 1.54A for Cu K «), B full width
at half maximum in radians of the peak, D is the particle and crystalline size, and 0
is the Bragg’s diffraction angle (scattering angle) in degrees.

X-rays are short-wavelength, high energy electromagnetic radiation, having the prop-
erties of both waves and particles. They can be described in terms of both photon
energy (F) or wavelength, A (the distance between peaks) and frequency v (the num-

ber of peaks passing a point in a unit of time). The relation between energy, frequency
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or wavelength in the case of photon is:

E=hy=—. 3.3.2
y =" (33.2)

By rearranging the above equation Eq. (3.3.2) and substitute the values of the

constants, which yields the following relationship.

~1240(eV)

A
E

(3.3.3)

Bragg’s Law

The atoms in crystals interact with X-rays through scattering of the X-rays by the
electrons of the atoms in the crystal at two lattice spacings to produce constructive
interference leading to a peak or destructive interference leading to no peak at all.
The interaction can be thought of as if the atoms in a crystal structure reflect the
waves. But, because a crystal structure consists of an orderly arrangement of atoms,
the reflections occur from the atomic planes. Consider a beam of monochromatic X-
rays entering a crystal with one of its planes oriented at an angle of 8 to the incoming
beam. Figure [3.2 shows two such X-rays, where the spacing between the atomic
planes occurs over the distance, d.

The first ray scatters off at the upper atomic plane at an angle 6 equal to its angle
of incidence. Similarly, the second ray is scattered off at the lower place in the same
geometrical condition, (f). While second ray is in the crystal, however, it travels a
distance of 2a farther than first ray. If this distance 2a is equal to an integral number
of wavelengths (n)), then the first and second rays will be in phase on their exit
from the crystal and constructive interference will occur. If the distance 2a is not

an integral number of wavelengths, then destructive interference will occur and the
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Figure 3.2: A schematic diagram of Braggs reflection from the crystal .

waves will not be as strong as when they entered the crystal. Thus, the condition for

constructive interference to occur is

nA = 2a. (3.3.4)

But, from trigonometry, we can figure out what the distance 2a is in terms of the

spacing, d, between the atomic planes.

a = dsinf, (3.3.5)

and

n\ = 2dsin 6. (3.3.6)

This is known as Braggs Law for X-ray diffraction.
The diffracted X-rays are then detected, processed and counted. And by scanning the
sample through a range of 260 angles, all possible diffraction directions of the lattice
are attained for a polycrystalline samples with randomly oriented grains such as a

powder or thin film.
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3.3.2 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is used to investigate the shape and morphology
of nanomaterials. SEM uses a focused beam of high-energy electrons to generate a
variety of signals at the surface of a sample. The primary beam of electrons from
an electron source is collimated by the first and second electromagnetic condenser
lenses and focused onto the sample surface by the sequential objective lens. The
scanning coil is used to move the beam across the sample surface through Coulombic
interaction. Accelerated electrons using different components, carry kinetic energy,
and this energy is dissipated as a variety of signals produced by electrons and atoms

on the surface or a various depth on the sample. The signals from the sample when
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Figure 3.3: A schematic diagram of scanning electron microscope (SEM) .

incident electron interact with solid sample, provide the following information about
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the samples; external morphology, chemical composition, and crystal structure and
orientation. These signals include secondary electrons (SE), backscattered electrons
(BSE), diffracted backscattered electrons (DBSE: used to determine crystal structures
and orientations), and characteristics X-rays for elemental analysis. The secondary
electrons are detected by a scintillation detector that produces flashes of light upon
electron impingement. The light flashes are then detected and amplified by a photo-
multiplier tube. Secondary electrons and backscattered electrons are commonly used
for SEM imaging samples. Secondary electrons are most valuable for showing mor-
phology and topography on samples and backscattered electrons are most valuable

for illustrating contrasts in composition in multiphase samples [37]. Depending on
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Figure 3.4: The interaction of electron with the sample in different depth and the
signal after interaction .

the powder sample and the device setup, the contrast in the final image provides
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information on the sample composition, topography and morphology. In most appli-
cations, data are collected over a selected area of the surface of the sample, and a 2D
image is generated that displays spatial variations in these properties. Areas ranging
from approximately 1 ¢cm to 5 microns in width can be imaged in a scanning mode us-
ing conventional SEM techniques (magnification ranging from 20X to approximately
30,000X, spatial resolution of 50 to 100 nm). The SEM is routinely used to generate
high-resolution images of shapes of objects. It is also widely used to identify phases

based on qualitative chemical analysis and/or crystalline structure .

3.3.3 Transmission Electron Microscope (TEM)

Transmission electron microscope (TEM) is a high resolution electron microscope
used to investigate particle size, shape and morphology [38] with a highly-magnified
image. TEM can magnify images up to million times. TEM is an imaging techniques
where an energetic beam of electrons are focused onto the sample by means of a high
voltage to create a highly magnified image. TEM has electron gun at the top which
emits electron beam that traverses through the microscope’s tube and focus it on
the sample. Electron gun (electron source) consists of positive potential (anode) and
negative potential (cathode). The electrons are confined by a negative cathode and
emit electrons when heated. Then, the released electron beam is accelerated by the
positive anode towards the specimen.

The released electrons are focused into the target using the metal apertures and a
series of electromagnetic lenses. The electrons in the beam have their own small
energy. In coming electron beam is restricted and filtered out unwanted beam before
interacting with the specimen. .

The imaging device is composed of another set of electromagnetic lenses and a screen.
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Figure 3.5: Simplified diagram of transmission electron microscope.

The electromagnetic lens system requires two lens systems, one to refocus the electrons
after passing through the specimen, and the other to magnify the image and project
it onto a screen as an image. The computer has a phosphorescent plate that glows
when electrons hit it. The process of image formation is akin to photography since the
projected image is legible and must have high resolution due to the monochromatic
nature of the electron source.

The image formed is monochromatic and must be visible to the eye either by allowing
the electrons to fall on a fluorescent screen at the base of the microscope column or

by digitally recording the image for viewing on a computer screen.
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X-ray photoelectron spectroscope (XPS) is very important spectroscopy tool, com-

monly used for investigating the elemental composition, electronic structure and oxi-

dation state of nanoscale materials [32] based on the photoelectric effect. It is used to

investigate the energy distribution of the emitted electrons at surface of the sample.

When the higher enough X-ray photon energy is absorbed by a core electron, the

electron is emitted from the atom of the sample a certain kinetic energy. The emit-

ted electron is also known as the known as photo-electron. Simultaneously, amount

of electrons released from the sample and their kinetic energy are measured by the

electron energy analyzer as shown in Fig. |3.6

XPS provides information on the binding energy of each emitted electron as esti-
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Figure 3.6: Schematic diagram of working principle of X-ray photoelectron spec-
troscopy (a) and schematic diagram of binding energy (b).

mated from the equation;

Epp = Ey, — (Exp + Esp),

FExg =hv — Egg — Egp,

(3.3.7)

(3.3.8)
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where Epg is the binding energy of the atomic orbital from which the electron origi-
nates, I, is the energy of the X-ray photons being used, Ex g is the measured kinetic
energy of the emitted electron and Egp is the work function of spectrometer. The
XPS spectrum describes the number of detected electrons as a function of binding
energy. Each elements produce a set of XPS peaks associated with the detected elec-
trons at a specific characterization binding energy values. Additionally the analysis of
the concentration of the elements and their binding energies can be used to determine

the charge sate of materials.

3.3.5 UV-Visible Spectroscopy

An instrument used in the ultraviolet-visible spectroscopy is called UV-Vis spec-
trophotometer. In a standard UV-Vis spectrophotometer, a beam of light is split;
one half of the beam (the sample beam) is directed through a transparent cell con-
taining a solution of the compound being analyzed, and one half (the reference beam)
is directed through an identical cell that does not contain the compound but contains
the solvent. The instrument is designed to use a dual beam method to measure the
coincidence of the reference and sample beams by scanning their intensities with a
grating over the desired wavelengths of interest. If the compound absorbs light at a
particular wavelength, the intensity of the sample beam (IS) will be less than that
of the reference beam [40]. This method conforms to the principle of conservation
of energy, since the transmissivity (7), absorbance (A), scattering (S) and reflection

(R) all contribute additively to the incident beam according to the expression;

1=T+A+S+R (3.3.9)
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Figure 3.7: Interaction of reference and sample beam from UV-Vis source with sample
cuvette and reference cuvette and the compression of their intensities.

The strength of each component is determined by the dielectric function of the ma-
terial.

Absorption of radiation by a sample is measured at various wavelengths and plotted
by a recorder to give the spectrum. The spectrum of absorbance and transmittance
is a dispersion of the intensities of each component at all wavelength range of the in-
strument. The absorption intensity of light (/) depends on the absorption coefficient

(c), thickness of the sample (t), and wavelength (\).

drkt
I = Iyexp(—at) = Ioemp( - WT), (3.3.10)
where I is the intensity before interaction, o = % and k is extinction coefficient.

And the band gap of the sample can be obtained by plotting the graph between (ahv
versus hv) and extrapolating it along hy-axis [41], where v is the frequency and « is

the optical absorption coefficient.
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Ultraviolet and visible spectrometry is almost entirely used for quantitative analysis;
that is, the estimation of the amount of a compound known to be present in the

sample.

3.3.6 Fourier Transform Infrared (FT-IR) Spectroscopy

In the region of longer wavelength or low frequency the identification of different
types of chemicals is possible by of infrared spectroscopy and the instrument required
for its execution is FT-IR spectrometer. The spectroscopy is based primarily on
the assumption that molecules absorb different frequencies typical of their structure,
called resonant frequencies, i.e., the frequency of the absorbed radiation matches the
frequency of the vibrating bond or group. And the detection of energy is done on the
basis of shape of the molecular potential energy surfaces, the masses of the atoms, and
the associated vibronic coupling. Because each individual material is a unique mixture
of atoms, no two materials create the exact same spectrum of infrared. Therefore,
infrared spectroscopy can result in a positive identification (qualitative analysis) of
every different kind of materials.

In addition, the size of the peaks in the spectrum is a direct indication of the amount
of material present. FT-IR can be used to analyze a wide range of materials in bulk
or thin films, liquids, solids, pastes, powders, fibers, and other forms. FT-IR analysis
can give not only qualitative (identification) analysis of materials, but with relevant
standards, can be used for quantitative (amount) analysis. FT-IR can be used to
analyze samples up to ~11 mm in diameter, and either measure in bulk or the top
~1 pm layer. FT-IR spectra of pure compounds are generally so unique that they

are like a molecular fingerprint.
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Chapter 4

Size Dependent Optical Properties
of ZnOQAg Core-Shell Spherical
Nanostructures

4.1 Introduction

Zinc-oxide (Zn0O) is a direct band gap of semiconductor. The Wurtzite ZnO has
wide band gap (3.37 eV/), high exciton binding energy (~ 60 meV’) at room temper-
ature, and high dielectric constant. These bulk material properties enable ZnO find
utility in various applications including in the fabrication of electronic and optical
devices such as UV /blue lasers [42]. However, compared to their bulk counterparts,
ZnO nanoparticles (NPs) exhibit significantly different optical, electrical, and phys-
ical properties, which can be controlled simply by varying their size (0D, 1D, 2D
and 3D) and/or shape [43]. Due to these size and shape tunability, ZnO NPs have
attracted great interest for a diverse potential applications in optoelectronics devices
such as sensors, light emitting diodes (LED), diode lasers, as electrodes or electron
transport layers, and photovoltaic cells [44], [45].

Furthermore, NPs coated with a noble metal exhibit strong coupling between the

46
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plasmon resonance of the metal and the quantum size effect of the NPs that give rise
to new properties [43]. In particular, core-shell nanostructure (CSNS) composites
with metal-oxide core and metallic shell have several unique optical, photocatalytic,
and electronic properties neither shown by the bare metal nor by metal-oxide nanos-
tructures [46]-[48]. Their physical and chemical properties can be tuned by varying
the size of the core and/or the thickness of the shell. Besides their unique electri-
cal and optical properties, noble metals like Ag, Au, and Pt are preferred as a shell
material because of their high chemical stability, bio-affinity, strong absorption of
light. ZnO/Ag and ZnO/Au core-shell nanocomposites have been utilized in a wide
range of applications such as photovoltaics, light emitting diodes (LED), photocatal-
ysis, photodetectors, sensors, and also have fascinating properties such as transparent
conduction, resistive switching, and biophysical functionalities |46, [49].

The fabrication of core-shell nanostructure needs a careful selection of both the core
and shell material in order to optimize the passivation and to reduce the structural
defects induced by positive mismatch of their lattice parameters [46]. The proper-
ties of core-shell nanostructure (CSNS) materials depend on the compositions and
arrangements of both components present in the materials [50] as well as local en-
vironment [51]. Recently, new variety of CSNSs which integrate inorganic NPs with
metal-organic frameworks (MOFs) into NPQMOF core-shell NSs has been demon-
strated [52]-[54]. This newly introduced technique of coating inorganic NPs with
MOF shells is expected to provide the core NPs with high stability and additional
functionalities [52, 53]. In inorganic core-shell nanocomposites, silver with thicknesses
ranging between 5 and 10 nm is selected as a shell material for many applications

[55] of ZnO nanosphere or nanodot due to its non-toxicity, strong absorption in/near
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visible spectrum [56] and surface plasmon resonance [57, 58].

In this chapter, we studied the size dependent optical properties of an ensemble con-
sisting of spherical core-shell ZnO@Ag nanoparticles embedded in a dielectric host
matrix. The core size and the thickness of the metallic shell are varied, simultaneously.
The polarizability, refractive index, and optical absorbance of the composite are the-
oretically and numerically investigated. The analysis is carried out by employing the
electrostatic approximation to determine the distribution of the electric potential in
the various regions of the NPs and the Maxwell-Garnet mixing formula to determine
the effective permittivity of the ensemble (i.e., core-shell structure embedded in a

dielectric medium).

4.2 Model of Core-Shell Nanostructure

Consider a spherical core-shell composite nanoparticle (NP) consisting of a semicon-
ductor core of dielectric function (DF) ; and a metallic shell of DF 5 embedded in
a dielectric host matrix, as shown in Fig. [4.1] The host medium is assumed to be
isotropic and non-absorbing with dielectric constant €3. The parameters a; and as
are the radii of the core and core-shell NP, respectively. When an electromagnetic
wave is incident on the composite core-shell NP, electric field is induced in the system
due to polarization. For NPs of (diameter = 2ay) much less than the wavelength of
the incident light, the distribution of the electrostatic potential ® associated with the
induced field can be obtained by solving the Laplace equation, V2® = 0.

Suppose a uniform, static electromagnetic field polarized along the z-axis is applied
on the spherical core-shell NP embedded in a host matrix. If the center of the NP

is assumed to coincide with the origin of a spherical coordinate system, then the
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Figure 4.1: The schematic diagram of ZnO@QAg spherical core-shell nanostructure
with dielectric function of ZnO.e; and Ag, es.

distribution of the electric potentials in the system using Eq. (2.4.5) may be found

to be:

Oy (r,0) = Ayrcos o, r<a (4.2.1)
By
Dy (r,0) = (Azr + F) cos 0, a; <1< ap (4.2.2)
By
Os3(r,0) = | Asr + 3 ) cos 0. T > ag (4.2.3)

where @1, 5, and ®3 are the electric potentials in the dielectric core, metal shell, and
host matrix, respectively, As is a quantity associated with the external applied field,
r is the distance from the center of the NP, 6 is the zenith angle, and the coefficients
Ay, Ay, By, and By are constants to be determined by using the appropriate boundary
conditions at the interfaces.

It is worthwhile to note that the second term on the right-side of Eq. repre-
sents the induced potential outside the core-shell NP. The optical properties of the

system may readily be described by the induced field outside the concentric spheres.



50

Consequently, it is suffice to determine the value of the coefficient By. Imposing the

relevant boundary conditions in Eqgs. (4.2.1)-(4.2.3]), we obtain the following relation:

(€1 + 2e9)(e2 — €3) + vp(e1 — €2) (262 + €3)

By =
2 (€14 2e2)(e2 + 2e3) + 2vp(e1 — €2)(e2 — €3)

Azas, (4.2.4)

where vy = (a3 /az).
In view of Eq. (4.2.3)), the induced potential outside the concentric spheres is then

given by

B
D,pa = 7“_22 cos . (4.2.5)

Moreover, employing the dipole approximation, the induced potential may be ex-

pressed as [59)

pcosf

By = (4.2.6)

Admesr?’

where p is the electric dipole moment of the system. In view of Eqs. (4.2.5) and

(4.2.6)), the dipole moment becomes
p = 4mes By = e3aAs, (4.2.7)

where « is the polarizability of the composite given by

(€1 +2e9)(e2 —e3) +vp(e1 —e2)(2ea+€3) | 5

a=A4r a;. 4.2.8
(1 + 2e9) (g2 + 2e3) + 2vs(e1 — €2) (62 — £3) | ( )

Further, the polarizability of an equivalent sphere of effective DF ¢; embedded in a

host matrix of DF €3 can be expressed in the form of the Clausius-Mossotti relation
[60, 61]. That is, which is similar to Eq. (2.4.18)),

Er — €3

. 4.2.9
p—— (4.2.9)

o = 4mad
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after equating Eqs. (4.2.8) and (4.2.9) and simplifying, we get the effective DF of the

core-shell spherical inclusion to be

(€1 + 2e2) +2(e1 — e2)vy
2 (e1 4 285) — (61 — ea)vy

Ef=¢ (4.2.10)

Introducing the volume fraction (/3) of a spherical core-shell nanostructure by

f=1- <ﬂ>3, (4.2.11)

a2
the effective DF of the composite, Eq. (4.2.10]), may be rewritten as

__al3/8-2)+2,
-2 €1+€2(3/ﬁ—1) '

(4.2.12)

Next, we consider an ensemble where identical spherical core-shell NPs (nanoinclu-
sions) are homogeneously dispersed in a continuous host matrix of DF, 3. The
polarizability and effective permittivity of the system may be described by using
the Clausius-Mossotti relation together with the Maxwell-Garnett mixing theory. If
N denotes the density number of the inclusions/scatteres in the system, then the

polarizability expressed in terms of the permittivity becomes [62]

Na ey —e3
3 Eeff+2€3’

(4.2.13)

where .77 is the effective DF of the system (ensemble) and « is the polarizability

defined by Eq. (4.2.9). Equation (4.2.9) may conveniently be rewritten as o = 4ma3n,

where 7 is the dimensionless polarizability defined by

1 — €3
= —. 4.2.14
L ( )

Substitute Eq. (4.2.12) into (4.2.14]) and rearranging, we find that

_q.3 £263(3/8 — 1) + e1e3
1= | BT eea3/(28) — 1)+ e22a(3/8 — 1) + erea) (4.2.15)
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Furthermore, the effective permittivity of the ensemble may be obtained by sub-

stituting Eqgs. (4.2.9)) and (4.2.14)) into (4.2.13]). That is,

Eoss = 53<11+_2§’>, (4.2.16)

which is similar with that obtained in Ref. [63]. Here, £ is the filling factor of the

inclusion given by
3
dray

§=N—=. (4.2.17)

It is worthwhile to note that Eqgs. (4.2.15) and (4.2.16)) are general expressions for

any two-layered spherical core-shell composite NPs that are embedded in a dielectric

host matrix, regardless of whether the core-shell composites are metals, semiconduc-

tors/dielectric or a combination.

4.3 Numerical Analysis

For numerical evaluation, we considered an ensemble that consists of spherical ZnOQAg
core-shell quantum dots dispersed in vacuum (g3 = 1). In the frequency domain of
interest, we assumed that the DF of the ZnO core to be real, constant and inde-
pendent of frequency. In addition, the DF of the silver shell is chosen to be of the
modified Drude form that takes into account its nano-size. That is,

UJ2

£2(W) = €00 — w(w—i——gl“(le))’ (4.3.1)

where €., is the permittivity at high frequencies, w, is the plasma frequency, I'(l.) is
the size dependent electron collision frequency, and w is the frequency of the incident
radiation. The size dependent damping parameter for silver can be expressed as
[64], 65]

Vi

D(l.) = To+ A (4.3.2)
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where 'y = 1.67x 10" rad/s is the bulk damping constant describing bulk dissipative
losses, V; = 1.39 x 10 m/s is the velocity of electrons at the fermi energy and A =1
is a constant that accounts for the details of the electron scattering process [60, [67].
l. is the effective mean free path for NPs of core radius a; and core-shell radius as
given by [68] 69

a2

z,:5«1—@ﬁx1—ﬁ“wﬁ. (4.3.3)

Further, separating Eq. (4.3.1)) into real and imaginary, we have

£2(w) = ey(w) + iy (w), (4.3.4)
where
’ 1 7" p
—fp———— and & =—2" 435
£y =€ s and &, 1) ( )

with 2z = w/w, and p =I'(l.)/w,.

4.4 Results and Discussion

4.4.1 Polarizability

Since the permittivity (e3) is complex, the electric polarizability is also a complex

function of the frequency w. That is,

n=n+in, (4.4.1)

where 77’ is the real part and n” imaginary part. Substituting Eq. (4.3.4)) into (4.2.15),

we obtain
, 3T (hA1 4 €163)7 + (55A1)6;
_q1_° 4.4.2
n 9 [ 72 4 62 ’ ( )
and
v 3[(e5A1 + e163)0 — (55 A1)y
i 4.4.3
n 9 [ 72 4 §2 ’ ( )
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where

Alzéfg(%—l),

v =(g)" = (63)° + €300 + €163,
0 = 2e0ey 4+ £5 .

3
A2:A1+51(ﬁ—1);

Below, the real and imaginary parts of the polarizability of the ZnOQAg core-shell
embedded in vacuum are analyzed using Egs. and . The parameters
used for the numerical evaluations are: €; = 8.5, Wy, = 4.5, w, = 1.46 x 10 rad/s
[70, [71], Ty = 1.67 x 10*® rad/s, V; = 1.39 x 10° m/s and A ~ 1 [64] [65].

Figure[d.2] depicts the real part of the polarizability of the spherical nanoinclusions
as a function of the wavelength of the incident radiation for different values of the
parameter, 3. It is observed that the real part of the polarizability has two sets of
resonances in the UV spectral region around A = 310 nm and in the visible region
above A = 440 nm. The two sets of resonance peaks occur as a result of the surface
plasmon resonances of silver at the inner and outer (ZnO/Ag and Ag/host-matrix)
interfaces [70]. Due to the abundance of free carriers within the silver shell, the first
set of the resonance peaks are more pronounced than the second peaks. Moreover,
when the value of 3 is increased, which may be realized either by decreasing the size
of the core or increasing the thickness of the shell, the two resonances become closer
and closer to each other indicating that the real part of the polarizability is dominated
by that of the metal shell.

The imaginary part of the polarizability of the nanoinclusions as a function of

wavelength are shown in Fig. [£.3] for different values of 8. Similar to the previous
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Figure 4.2: The real part of the polarizability of the spherical nanoinclusions as a
function of wavelength for different values of f3.

case, two sets of resonance peaks are observed in the UV and visible regions. In
particular, for § = 0.875, the first peak is located in the UV region at the wavelength
A = 306.8 nm, whereas the second resonance peak is at A\ = 446.3 nm in the visible
region.

Figs. and [4.3] show the scattering of electrons at the interface is maximum
from metal surface to the dielectric ZnO and also transmission of electrons in the
metal is maximum when the metal thickness is increased. Moreover, the proposed
theoretical model derived via polarization in an external electric field may be valuable
in controlling and designing highly absorbing electrostatic resonance and emission

from nano-sphere arrays particularly for hybrid photovoltaic applications.
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Figure 4.3: The imaginary part of the polarizability of the spherical inclusions ob-
tained for different value of 3.

4.4.2 Refractive Index

The response of a medium to an incident electromagnetic wave is described by a

complex refractive index (1) which for a nonmagnetic medium is expressed as

i = \/Eesfs (4.4.4)

where e, = ¢, it iggff is the complex effective DF of the medium. Introducing the

real (n) and imaginary parts (k), n may be written as
A = n + ik. (4.4.5)
Further, manipulating Eq. together with e.¢¢, we find that
A =n? — k* + 2ikn = ,; + ic ;. (4.4.6)

Hence, the real and imaginary parts of the refractive index, respectively, takes the

form:

Lo "2 N1/2 0 qL/2
n=—\(es + &, +e, , 4.4.7
7 [(ects +ecfs) ] (4.4.7)
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and

]_ / " ’
k=—2 [(glef + 8e}%f)l/2 - é‘eff] 1/2- (448)

V2

Below, the real and imaginary parts of the refractive index of an ensemble consist-
ing of spherical ZnO@ Ag core-shell nanoinclusions in vacuum are analyzed using Eqs.
and . The parameters used for the numerical evaluations are the same
as that used in Section 4.4.1. Fig. [£.4] shows the real part of the refractive index as
a function of the wavelength of the incident light for a fixed value of the filling factor

= 0.001 and six different values of 5. The graph shows that the refractive index
varies between 0.9935 and 1.008 and possesses two sets of resonances corresponding
to two anomalous dispersion regions; the first set in the UV region around 300 nm
and the second peaks in the visible region between 425 and 640 nm. The peaks show
slight red shifts in the UV region and blue shifts in the visible region when the volume
fraction, 3, is increased. In addition, when 3 increases the two resonance peaks gets
closer and closer to each other, and eventually merge for § = 1.

Furthermore, we analyzed the effect of varying the filling factor, &£, on the real
part of the refractive index, as shown in Fig. 1.5 It is observed that the refractive
index in the vicinity of the two resonances progressively increases as ¢ increases from
0.001 to 0.011 in steps of 0.002. However, the peaks position remain almost constant
independent of the values of £&. The result suggests that light propagates in the
ensemble more readily when the concentration (£) of the nanoinclusions is small.
Hence, as Fig. depicts, the refractive index near the resonances can be tuned
by changing the filling factor (&), the shell thickness, and the density of the packed
nanosphere arrays, which can play a great role in applying the core-shell structure in

SEensors.
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Figure 4.4: The real part of the refractive index as a function of wavelength for fixed
filling factor £ = 0.001 and different value of 8. An increase in the metal fraction is
indicated by the ‘heads’ of dashed arrows.

The imaginary part of the refractive index, shown in Fig. has two resonances
for the two anomalous dispersions of the system. When the volume fractions of the
concentric spheres are nearly unity, the imaginary part of the refractive index in the
UV region is maximum. The positions and values of the maxima strongly depend
on 3 (with the other parameters kept constant). In particular, for 8 = 0.75; the
second maxima are about one-half smaller than the first one and the peaks are almost
constant independent of 5. In addition to the volume fraction, this phenomena can
occur if the electric fields are comparable with the inner atomic fields [32]. When
is increased, the peaks in the UV region and visible regions show red shift and blue
shift, respectively.

The most prominent UV emission from a bare ZnO is considered as the char-
acteristic band edge emission of ZnO or the excitonic recombination, whereas those

observed in the different regions of the UV /visible (the so-called deep level emissions)
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Figure 4.5: The real part of the refractive index obtained for 5 = 0.875 and different
value of filling factor, &.

spectrum are attributed to intrinsic or extrinsic defects [67, [72]. Defects are bound-
aries and interior regions of crystals which disrupt their translational symmetry. In
ZnO NPs, the intrinsic defects are those due to both oxygen and zinc vacancies,
interstitials, and anti-sites [73]; and the extrinsic defects arises when a foreign atom
(impurity) is inserted into the lattice. In the ZnO@Ag nanostructure, the Fermi level
of Ag is near the defect levels of ZnO [74, [75]; therefore, electrons can be transferred
from the Ag defect levels to the Fermi level of ZnO, where these electrons are excited
by incident photons. The energy level of the excited electrons is near the conduction
band of Ag, which may subsequently be transferred to the conduction band of Ag
where they become a part of the electron-hole recombination process thereby increas-
ing the near band edge emission. In this model, as a consequence of the electrons
transfer, the visible emission will be reduced and the UV emission will be enhanced
[76]. Due to such enhancement mechanisms, the refractive index in UV region may be

used for medical application in nano-fields like cancer treatment and cancer detection.
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Figure 4.6: The imaginary part of the refractive index of the spherical inclusions
obtained for different value of 5 and fixed filling factor £ = 0.001.

4.4.3 Optical Absorbance

The spherical inclusions in the ensemble (system) are polarizable, with field-induced
dipoles, where the dipole moments interact with the applied uniform electric field. In
our case, the incident field is assumed to be polarizable along the z—axis which is may
be expressed as F = Fyexpliw(nz — ct)/c|, where Ej is the amplitude of the field,
n = n + ik is the refractive index, and c is the speed of light in vacuum. Because
of the presence of the term exp(—kwz/c), the wave decays as it propagates in the
spherical core-shell nanostructure.

Incident light, in general, propagating in the medium is attenuated both by ab-
sorption and by scattering [67]. However, for NPs that are much smaller than the
wavelength of light, scattering effects may be neglected so that only the absorption
contributes significantly to the attenuation. The intensity (/) of the propagating wave

is related to the electric field by I ~ |E|>. Generally, as the wave traverses in the
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medium, the intensity is attenuated as [67]:
I = Ipe ™, (4.4.9)

where I is the intensity at z = 0 and « is the optical absorption coefficient defined

by

2kw 4wk
S — 4.4.10
C )\ ) ( )

«

where A\ = 2mc/w is the wavelength of the incident radiation and k is the imaginary
part of the refractive index.

The parameter which describes the typical length of light propagation in a medium
is the skin depth /; defined by [ = 1/a. The quantity in the exponent of Eq. is
the absorbance (A) which may be generally be expressed as A = In(1y/I;) = ta where
I; is the intensity at z = t. For the ZnO@Ag NPs, the absorbance at metal/shell

interface takes the form:[77]

2
AN =, = —Zk’ g, (4.4.11)
&

where 44 = t = az — a; thickness of silver shell.

Figure depicts the absorbance of the spherical ZnO@Ag nanoinclusions as a
function of wavelength for & = 0.001 and different values of /3, (or ta,); while the
core-shell radius (20 nm) is kept constant. It shows, the two sets of absorption peaks:
the first in the UV and the second in the visible spectral regions.

It is observed that when the shell thickness is increased from t4, = 5 — 10 nm
the resonance peaks located in the vicinity of 300 nm, UV region, are enhanced
and slightly red shifted. These resonances may be attributed to near band edge
absorption (NBA) due to free exciton recombination. Decreasing the size of the ZnO

core (or equivalently increasing the thickness of the silver shell) moved the absorption
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Figure 4.7: The absorbance of the spherical inclusions obtained for different value of
tag and & = 0.001. The radii (az) of the QDs is 20 nm.

edge in the UV spectral region towards high wavelengths (red shift). The shift of the
absorption edge represented the change in the nanoparticles energy gap [78]. It means
that since the bandgap of semiconductor materials will increase with the decrease in
particle size, the so-called quantum size effect, it leads to the shift of the absorption
edge towards high energy (blue shift) [42]. For the single semiconductor materials of
Zn0O NPs, absorption peak originate from the interaction between electrons in the
valence band and incoming photon, which lead to excitation of these electrons to the
conduction band. The optical absorbance of the composite is affected not only by the
core or/and the shell, but also affected by the properties of the dielectric host matrix.
The second resonance peaks located above 420 nm are in the visible spectral region.
The absorption is still enhanced when the thickness of the shell is increased, but
blue shifted contrary to that in the UV region. These resonance peaks are due to
deep level emissions (DLE) which are attributed to the surface plasmon resonance

of silver nanoshell. Such absorptions in the visible spectral region in ZnO has been
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frequently ascribed to several intrinsic and extrinsic effects [78]. DLE or blue radiation
is due to electron recombination in oxygen vacancy with a hole in the valence band.
The absorption intensity become stronger as the thickness of silver shell increase from
5—10 nm. On the other hand, blue shift of the absorption maximum with an increase
in shell thickness and the broadening of the absorption spectra are observed when the
thickness of the shell decreases [67]. This broadening of the spectra is caused because
of the incorporation of the NPs size effect in our analysis via Eq. (4.3.2).

It may be concluded that the direct contact between quantum dots (QDs) of ZnO
and Ag NPs can lead to interfacial charge transfer process that are of paramount
importance in highly relevant topics such as photocatalytic reactions and light energy

conversion [79]-[82], via the application of the core-shell nanostructure.

4.5 Conclusions

In conclusion, we studied the effect of varying the core radius and thickness of
the metallic shell on the optical response of nanocomposites consisting of spheri-
cal ZnO@QAg core-shell nanoinclusions embedded in vacuum. The polarizability, re-
fractive index, and optical absorbance of the system are determined by employing
the electrostatic approximation and the Maxwell-Garnett effective medium theory.
Moreover, the DF of the silver shell is chosen to be of the modified Drude form that
takes into account its nano-size. It is shown that for different values of the metal
fraction § and filling factors &, the graphs of the real and imaginary parts of the
polarizability and refractive index of the nanocomposites as a function of wavelength
possess two resonance peaks in the UV (around 300 nm) and visible (between 425 and

640 nm) spectral regions. These resonance peaks correspond to the surface plasmon
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resonances of Ag at the ZnO/Ag and Ag/host-matrix interfaces, respectively. The
resonance peaks show slight red shift in the UV region and blue shift in the visible
region when  or £ is increased. Similarly, for a fixed core-shell radius of 20 nm, the
graphs of the optical absorbance versus wavelength for fixed £ = 0.001 and different
values of shell thicknesses (t4, = 5 — 10 nm) show also two sets of absorption peaks -
in the same spectral regions. It is observed that when the Ag shell thickness increases,
the two sets of resonance peaks are enhanced; accompanied with slight red shift in
the UV and blue shift in the visible spectral regions.

The enhancement in the optical properties is mainly attributed to strong coupling of
the surface plasmon resonance of the Ag shell and the energy gap of the ZnO NPs
in both spectral regions. Indeed, compared with the bare ZnO, the silver coated
Zn0O NPs possess improved potential device applications in the optical frequency
region. The results may be used to optimize ‘desired’ device parameters of nanocom-
posites consisting of ZnOQAg core-shell nanostructures that are designed for various

applications such as sensors and nano-optoelectronics devices.



Chapter 5

Plasmonic Properties of Spheroidal
Spindle and Disc Shaped
Core-Shell Nanostructures

Embedded in Passive
Host-Matrices

5.1 Introduction

Core-shell nanosystems essentially involve two or more particles/compounds formed
by using encapsulation process in different shape and size to obtain a new composite
material with combined properties and other unique properties neither shown by the
core or by the shell nanostructures (NSs) [83]. Incorporating nanoparticles (NPs) in
complex, multilayer, or core-shell nanostructures have attracted significant interest
because they can offer additional opportunities for innovation with tailored materi-
als in the fields of physics, nanomaterials, biomedical nanosystems, optical, chemical
and biological sensors [84], magnetic nanocomposite [85], engineering chemistry [86],
photocatalysis [87], solar cells [88], and electrical nanosystems. This unique property

originates from the confined spatial distribution of polarization of charges over the

65
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surface of the nanostructure. The spatial and dynamic behavior of charge polariza-
tion over a variety of geometrical shapes and dielectric properties is the fundamental
secrets and pillars of their applications suites. Among these special structures, the
core-shell is a particular class of NPs, consisting of a core and one or several shell
layers.

Recently, noble metal nanoparticles (NPs) have attracted the attention of the sci-
entific community due to their unique catalytic [89], electronic [90], plasmonic and
optical [91] properties. Additionally their chemical inertness, bio-affinity, strong ab-
sorption of light [92], which are dominated by the localized surface plasmon resonance
(SPR) continues to inspire interest in the research and industrial community. Beside
this, the key concept in the field of plasmonics is the surface plasmon resonance — a
collective resonant oscillation of the conduction electrons in the metal confined to the
interface between the metal and a dielectrics (or semiconductor), which are described
by evanescent electromagnetic waves that are not necessarily located at the interface
[93]. SPR spectra of the composite nanoparticles have been shown to vary with the
particle size, shape, composition and the surrounding medium [94]-[96].

Different types of core-shell nanoparticles (CSNPs) based on various core and shell
materials have been investigated, including CSNPs with metal@metal, metal@dielectrics,
and dielectrics@metal, as well as dielectrics@dielectrics structures [97]. In particular,
ZnO@noble-metal CSNPs possess a wide variety of potential applications in many
developing technologies [98, [99]. It is found that surface coating with noble metals
like Ag, Au, Cu, Pt, can dramatically change the properties of ZnO nanocrystallites
as well as its applications. Silver nanoparticle with thicknesses ranging between 5

and 10 nm is widely preferred as a shell material on ZnO nanospindle and nanodisc
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shape due to its non-toxicity [100], strong absorption in/near visible spectrum [56],
high electrical and thermal conductivity, high work function, antibacterial character-
istics, and cost effective [100].

For spheroidal shaped CSNSs embedded in a host matrix, three plasmon resonance
frequencies are expected; corresponding to the oscillation of electrons along the three
axes. The resonance wavelength depends on the orientation of applied filed relative
to the particle. In addition to this, by changing the axes length, the plasmon reso-
nance wavelength of the nanospheroid can be turned systematically. The possibility
of tuning the plasmon resonance of NPs has attracted attention of scientists and large
variety of new synthesis methods have been developed to fabricate elongated [T0T]
as well as flattened CSNSs. In view of the interesting material properties of CSNPs
described above, we seek to further investigate theoretically and numerically the op-
tical and plasmonic properties of prolate (spindle) and oblate (disc) shaped ZnOQAg
core-shell NPs embedded in a dielectric host matrix by varying the core size, shell

thickness, size of composite and host medium.

5.2 Model of Spheroidal Core-Shell Nanostructure

Due to the spheroidal shape, the surface plasmon mode would split into two distinct
modes. The first is along the short axis of the spheroid, while the second is rather
along the long axis as shown in Fig. [5.1] The two oscillations induce a charge sepa-
ration and thus localized at the interface, they lead to two plasmonic modes namely
the transverse and longitudinal modes depending on the direction of propagation of
the applied field.

The optical as well as plasmonic properties of two layers nanoparticles consisting of a
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core and shell can be successfully described within the framework of classical electro-
dynamics of continuous media. Consider an array of spheroidal core-shell composite
nanoparticles consisting of a semiconductor core and a metallic shell embedded in
a non-absorbing (passive) host matrix; of the dielectric functions (DFs) €., €5, and
ey, respectively, as shown in Fig. A). Figure (B) depicts the cross-sectional
views of prolate and oblate shaped core-shell nanocomposites. The core ellipsoidal
NPs are characterized by shell thickness ¢ and semi-principal axes a;, as, and asz with
(i) a; > ay = ag for prolate and (ii) a; < ay = a3 for oblate. Note that the prolate
(spindle-shaped) spheroid can be generated by the rotating an ellipse about its major
axis (a; in Fig. [p.1B(i)), while the oblate (disc-shaped) spheroid may be generated

by rotating an ellipse about its minor axis (a; in Fig. [5.1B(ii)). The polarizability of

‘DO DO e O S

Z
L~
(i)

Figure 5.1: The arrays (A) and the structure (B) of core-shell nanostructure, with
prolate (B(i)) oblate (B(ii)) shaped CSNS embedded in host matrix .

the composite depends on the dielectric function of its constituents i.e., €., €5, and &y,.



69

When the system is irradiated with electromagnetic waves, assumed to be polarized
perpendicular to the xy plane (along a; in Fig. |5.1(B)), the applied field causes the
polarization of the system. The effective polarizabilities «; of the core-shell system
can be shown to have the form [102] 103],

(es —en)(es + (ec — &) (L§ — fL7)) + fes(ee — €5)
(es+ (e —es)(LE — fL))(en + (g5 —en)LE) + fLies(ec — €5)

a; =V . (5.21)

where V' is the volume of the core-shell nanocomposite; f is the fraction of the total
volume occupied by the core (or core concentration). These terms are expressed as
follows:

V = 4%(@1 + t)(CLQ + t)(a3 + t) (522)

— (a1)(az)(as)
~ (ay +t)(ag +t)(az +t) (5.2.3)

L7 and L§ are the depolarization factors of the composites (core + shell) and core,
respectively, i = 1,2, 3 refer to the longitudinal (¢ = 1) and degenerate transverse (i =
2,3) modes. It is worth noting that in the frequency domain of interest, we assumed
that the DF of the ZnO core to be a real constant (e, = constant) independent of

frequency, whereas the DF| e, = g, + ie49, of the silver shell is chosen to be of the

Drude form. By rewriting Eq. (2.2.6) as

w2

gs(W) = €00 — w(w——ii’y)’ (5.2.4)

where e is the permittivity at high frequency, w, is the plasma frequency, v is the
electron collision frequency (damping constant describing dissipative losses), and w is
the frequency of the incident radiation.

For convenience, we introduce the following notations a. = as = a3, as = as +t =

az +t, c. = a; and ¢s = a; + t; for both prolate and oblate spheroids (refer to Fig.
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p-1(B)).

For prolate spheroid, the depolarization factors along aq, as, and az axes, respec-

tively, are given by [102]

1—e2. [/ 1 1+ eq.
L5 = ( ln[ +e’}—1), (5.2.5)

2
€ e 2€5.c 1—e5,

Ly¢ = Ly = 0.5(1 — L), (5.2.6)

where the subscripts ‘¢’ is for the core and ‘s’ is for the composite (core + shell), and
es are the ellipticity of the core and the composite, respectively, which are defined
by

P (5.2.7)

Similarly, the corresponding depolarization factors for oblate spheroid are given by

T04]
L= %ic <g — arctan(g)) — %2, (5.2.8)
L3¢ = L3¢ = 0.5(1 — LY, (5.2.9)
where ; ,
. =1- 22 ¢ = ! ;26 (5.2.10)

The aspect ratios (AR) of the prolate and oblate nanoparticles are defined by AR, =
c./a. = ai/as and AR. = a./c. = as/ay for the cores and AR; = c¢s/as = (a1 +
t)/(az +t) and AR; = as/cs = (ag +t)/(ay +t) for the composites, respectively.

In the quasi-static limit, the extinction cross-section o..s; of the ensemble (system)

can be modeled and has the relation with absorption cross-section o,.s and scattering
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cross-section oy, which are expressed in Eq. (2.4.1). The term o0, and o4 for

spheroidal structures are defined by [105]

Tacs(N) = Zlm[ai()\)], (5.2.11)

and
3

Ooes(N) = é—ﬂ D e (N)P, (5.2.12)

=1

where £ is a parameter which depends on the wavelength (A) of the incident light.

That is
B 21

k= Ve (5.2.13)

Furthermore, among the important parameters that are used to characterize the plas-

monic properties of NSs is the radiation efficiency, 7,44. It is defined by [26], [106],

—1
Mrad = 222 = (1 + 0"“) . (5.2.14)

€Cs USCS

It is worth nothing that, the radiation efficiency represents how much of the incident

light interacting with the nanoparticles is scattered rather than being absorbed.

5.3 Numerical Analysis

Unlike spherical shaped nanostructures, NPs with different symmetry axes exhibit
more than two plasmonic modes [I07]. Since a spheroid has three-fold symmetry
axes, it exhibits both longitudinal and transverse plasmon modes corresponding to
the redistribution of the polarized charges along each principal axes. For an electro-
magnetic field applied on a core-shell nanocomposite, changing size and shape of the
composite results in changing negative/positive charges separation and hence tailor-

ing the frequency and the intensity of the SPR in different wavelength of incident
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radiation. The oscillatory shift of the electron cloud relative to the positive core
along each principal axes results in two plasmonic modes: longitudinal mode (LM),
and transverse mode (TM).

Below, we apply numerical investigation on the effect of size, shape, thickness of
the metallic shell, and the host matrix on the optical and plasmonic properties of
spindle and disc shaped ZnO@Ag core-shell. For numerical analysis, we used the
following values: e, = 8.5, ¢, = 2.25, £, = 4.5, w, = 1.46 x 10'% rad/s, and

7 = 1.67 x 10" rad/s [92].

5.4 Results and Discusion

5.4.1 Absorption Cross-Section

The absorption cross-sections of spindle and disc-shaped spheroidal core-shell NSs as
a function of wavelength are depicted in Figs. 5.2} for three different shell thicknesses
of 5 nm, 10 nm, 15 nm, and constant core-shell aspect ratio of AR, = 2.0. Fig. (A)
shows the simulated o,.s spectra of the spindle-shaped CSNSs for the parameters AR,
are 2.33, 3.00, and 5.00, corresponding to the core concentrations (f) of 49.22 %,
18.75 %, and 3.91 %, respectively. It is observed that there are four resonance peaks.
The first two resonance peaks (located between 300 and 500 nm) correspond to surface
plasmon resonances of the silver shell at the inner and outer interfaces [92]. The
peaks of these two resonances are found to decrease and red-shifted with an the
increase of core concentration; in agreement with that reported in Ref. [108]. On
the other hand, the third and fourth set of resonance peaks (located above 500 nm)

are due to the polarization of charges along the principal axes of the spheriod. In
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particular, the third resonance peaks (counted from left) are associated with the
transverse plasmon mode (TM), while the fourth peaks correspond to the longitudinal
mode (LM). The peaks of the TM modes decrease and are blue shifted when the core’s
aspect ratio and shell thickness increase. This is attributed to the increase in the
frequency dependent restoring force with decreasing shell thickness. The polarized
charge spacing is reduced when the shell size decreases. Moreover, the longitudinal
surface plasmon resonance (fourth resonance peaks) are found to be very sensitive
to the aspect ratio, AR,, [102] - it is seen that as AR, is increased, the longitudinal
band maximum is shifted to shorter wavelengths with a relative increase in the peak
intensity.

The plasmonic properties NSs vary based on the shape of the core-shell NPs. In Fig.
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Figure 5.2: The absorption cross-sections for (A) spindle- and (B) disc-shaped CSNSs;
for AR. = 2.33, 3.00, 5.00 and constant AR = 2.0, g, = 2.25 [109].

(B), the graph of o,.s versus wavelength for the disc-shaped CSNSs are shown

for the same parameters as that used in Fig. [5.2(A) with the corresponding core



74

concentration being f = 57.42 %, 28.13 %, 9.77 %. Similar to the previous case,
there are four resonance peaks - the first two (counted from left) corresponding to the
plasmon resonances of the silver shell while the third and fourth peaks corresponding
to the TM and LM, respectively. It is seen that all the peaks decrease and are blue
shifted with an increase in the core’s aspect ratio and shell thickness. Moreover,
comparison of Figs. [5.2(A) and (B) shows that (i) the corresponding resonance peaks
are more pronounced for the disc-shaped CSNSs than that for the spindle-shaped and
(ii) the TM and LM resonance peaks of the disc-shaped spheroid are more broader
and red shifted with respect to that of the spindle-shaped. For small NPs, the SPRs
are influenced by the NP size for the same constitutes of composite, such that, for
particles of few nanometers the resonances do not change their position or wavelength,
but they become wider because of dispersion effect. When its size increases (here the
volume of nanodisc is almost twice of nanospindle) the SPR are now affected by the
secondary radiation which moves their position to larger wavelength (red shifted)
and makes the peaks broader [93]. The results may indicate that with appropriate
design of core-shell nanoparticles, it is possible to achieve broad band response for
light harvesting in photovoltaic application [I10], 111} or extremely narrow band width
response for applications such as bio-sensing, lasing and photo-switching [112].

Also, note from Figs. [5.2(A) and (B) that for AR, = 5.0 the third and fourth
resonance peaks associated with the LM and TM modes effectively merge (there are
only 3 peaks for AR. = 5.0, unlike the other two). This may be attributed to the fact
that as synergetic effect between the components as well as their structural details
can be designed in such a way that they positively interact with each other.

For particles of sizes larger than 100 nm, the spectrum of scattering cross-section



75

is larger than the absorption cross-section even at low wavelength of incident light
[113]. However, NPs which have sizes less than 100 nm (which is less than the wave-
length of light) have small scattering cross-sections at high wavelengths and larger at
low wavelengths than absorption cross-sections [I13]. Figure shows 04cs, Tses and
Oecs Spectra, which is plotted for the shell thickness of 5 nm and core concentration
f = 46.88 %. It is seen that the scattering cross-section is above the absorption cross-
section at lower wavelength. In all cases, there are four peaks including longitudinal
and transverse resonance peaks due to the two interfaces of silver nanoparticles and
bonding/antibonding of the composite at the surfaces for large concentration of core
ZnO NPs around 50 %.

We also analyzed the plasmonic response of both spindle- and disc-shape spheroidal
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Figure 5.3: 045, 0ses and o, of the same size of spindle shaped; for AR, = 1.67,
AR, =1.20,t =5 nm, and ¢, = 2.25.

Zn0O@Ag core-shell nanostructures for the TM and LM plasmonic modes. Fig. [5.4]de-
picts these plasmonic modes plotted both for the spindle- and disc-shaped spheroidal

core-shell NPs; for equal lengths of the major and minor axes, i.e., the aspect ratio
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of core ZnO of both NSs is arranged at 2.33. Consistent with that obtained in Fig.
(.2 the spectra shown in Fig. confirms that the resonance wavelength of the
disc-shaped (oblate) core-shell nanoparticles have the largest absorbance spectra and
are red shifted compared with the spindle-shaped (prolate) CSNSs.

The effect of shape on the plasmonic properties of spheroidal ZnOQAg core-shell
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Figure 5.4: LM and TM resonance modes of spindle- and disc-shaped spheroids as
a function of wavelength. The parameters used are AR, = 2.0, AR. = 2.33, and
t=>5nm.

nanostructures is depicted in Fig As shown in the Fig. [5.5(A) and (B), TM
and LM resonance peaks for the disc-shaped NPs are enhanced compared with those
for the spindle-shaped NPs. In addition, the spectrum of the TM and LM peaks
for the disc-shaped NPs extends well beyond the visible spectrum, i.e., one of the
peak for AR. = 1.88 and AR, = 1.67 lies in the near infrared region. However,
when the aspect ratios of both core and composite are increased, the longitudinal
resonance modes are red-shifted for the disc-shaped spheroids and blue-shifted for
the spindle shaped structures. The transverse resonance modes of the spindle-shaped

core-shell NSs coincide, while that for the disc-shaped structure the resonance peaks
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are enhanced and red-shifted. These properties arises for the same freedom of charge
oscillation and AR, due to the shape of the composites as well as the core’s con-
centration, which are strongly related to the size and quantum confinement effects.
Here, the core concentration vary from 49.22 % to 49.70 % for the spindle-shaped and
from 57.21 % to 55.94 % for the disc shaped nanostructures when the aspect ratios
of composite is decreased form AR, = 2.00 to AR, = 1.67.

The other factor that affects the plasmonic properties of core-shell NSs is the dielec-
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Figure 5.5: The effect of shape on LM and TM resonance modes of the absorption
cross-section spectra for (A) spindle-shaped and (B) disc-shaped spheroids, for AR, =
2.0, 1.67. The parameters used are AR. = 2.33, 1.88, and t =5 nm.

tric function (or refractive index (RI)) of the host matrix. Fig. depicts the effect
of varying the DF of the host medium on the spindle-shaped ZnOQAg spheroidal
core-shell NSs. It is observed that the RI considerably affects the plasmonic proper-
ties, i.e., the spectra of the absorption cross-section of the spindle-shaped CSNSs is

red-shifted in both near-UV /visible and infrared spectral regions, when the refractive
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index of the host medium is increased. For refractive index larger than 2, the location
of the LM resonance modes shift toward the infrared region with the spectra becom-
ing broader and broader. The absorption cross-section spectra of the CSNSs attains
maximum peaks for small refractive index, except for the medium of vacuum in UV
region, and decrease with increasing refractive index of the medium. On the other
hand, the peaks of the TM resonance modes increase while that of the LM slightly
decrease with increasing refractive index. Similar effects are observed for disc-shaped

spheroidal CSNSs.
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Figure 5.6: The absorption cross-section of a spindle-shaped spheroid as a function of
wavelength, for a host matrix of five different refractive index RI = /g,. The other
parameters are AR, = 2.0,AR. = 2.33, and t = 5 nm.

5.4.2 Radiation Efficiency

Finally, we plotted the radiation efficiency (7,44) of both geometries as shown in Fig.
B.7(A) for the disc-shaped and Fig. [5.7(B) for the spindle-shaped NSs by using the

same parameters as that used in Fig. [5.2] As shown in the Figures, due the effect
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of shape, 1,44 is more enhanced and red-shifted for disc-shaped CSNS than spindle-
shaped. The radiation efficiency indicate the re-radiation of the incident energy and
its dependence of the strength of the resonance at a given wavelength. As depicted
in Fig. due to the interband transition of the metal silver coat, the radiation
efficiency is low at low wavelength for small concentration of the silver shell. When
the thickness of the silver on ZnO nanoparticles increase, the radiation efficiency
becomes intense and broaden. For large concentration or thick coat of silver, the
CSNSs has higher polarizability [106], resulting in larger radiative rate as shown in
both Figures, Figs. [5.7[(A) and (B) for higher wavelengths.

In the long wavelength regions, the spectra with the minimum peak value of the
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Figure 5.7: Radiation efficiency of (A) the disc-shaped, (B) the spindle-shaped CSNSs
as a function of wavelength; for three different values of AR.. The other parameters
are similar to that used in Fig. [5.2

radiative efficiency exhibits more red-shifted, while there is a little red-shift for the

“Fano-like” resonances [70), [114] observed around 430 nm, which tell us that at the
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particular wavelength, 7,.4 is dominated by absorption rather than scattering. In the
quasi-static limit approximation method, the ratio of scattering to absorption rate
increases for large particles, which is valid for subwavelength scale particles, while
particles with sizes comparable to or larger than the incident wavelengths are likely
to suffer from electrodynamic damping, causing energy loss through particle heating.
In particular, for applications in thin photovoltaic layers, plasmonic particles with
high optical radiation efficiencies can be positively rigid their supportive ability as

well as enhance the effective absorption length at longer wavelengths [26].

5.5 Conclusions

In this work, we studied the effect of size, shape, shell thickness, and the nature of the
surrounding environment on the plasmonic and optical properties of spindle- and disc-
shaped spheroidal ZnOQ@Ag core-shell nanostructures. It is found that the absorption
and scattering efficiencies of semiconductor ZnO nanoparticles strongly depend on
the thickness of the silver shell with the optical properties being strongly modified
as a result of the metal coating. In particular, the numerical analysis for different
values of shell thickness, size, shape, and refractive index of the host medium, the
spectra of the absorption cross-section of ZnO@Ag nanoinclusions as a function of
wavelength possess four plasmon resonance peaks with the peaks extending from the
UV to near-IR spectral regions. These resonance peaks correspond to the silver/core,
silver /host-matrix interfaces, and the bonding/antibonding pairs due to separation
of charges in the composites along the principal axes. Moreover, the position of
the resonance peaks strongly depends on the aspect ratio and refractive index of

the medium exhibiting a shift towards higher wavelengths with an increase in the
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refractive index of the host medium and thickness of the silver shell. The results
obtained in this work may be utilized in various applications which employ shape-

dependent plasmonic effects of core-shell spheroidal nanostructures.



Chapter 6

Synthesis and Characterization of
Ultraviolet Emitter ZnO
Nanoparticles for Photocatalytic
Application

6.1 Introduction

Zinc oxide is a n-type semiconductor [115], [IT6] with deep ultraviolet ( UV)/ visible
absorption [IT6], high thermal and mechanical stability at room temperature [117]
and a highly effective UV absorber [118]. Zinc oxide (ZnO) nanoparticles (NPs) are
semiconductors which have wide applications in piezoelectric devices, photo-catalysis,
solar cells, pigments, electrical devices, biological, anti-UV additives, UV-light of
emitters, and cosmetic [119]-[121].

Today, to synthesize ZnO NPs, many chemical and physical routes have been devel-
oped. Among many different synthesis routes; precipitation [122, [123], hydrothermal
synthesis [124], [125], sol-gel [120], electrochemical deposition [127], mechanochemical

[128] are few of them to obtain products with particles differing in shape, size and

82
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spatial structure. Among and in addition to these routes, rapid thermal decomposi-
tion, sol-gel and biological methods are mostly preferable related to the difficulty of
scale up the process of synthesis, separation and purification of nanoparticles from the
surfactant, co-surfactant, organic solvents and toxic materials. In addition to this,
the advantages of these methods compared with other methods are cost-effective, sim-
plicity, non-toxicity and easy to control size, shape and morphology of the particles
at a given temperature.

Biological or green synthesis methods for ZnO NPs using the extraction solution of
microorganisms, enzymes, and different parts of plants [129] have recently been pro-
posed as potential for eco-friendly alternatives to chemical and physical methods. In
various fields, the green synthesis of ZnO NPs is applicable, particularly for biological,
cosmetic, medicinal, and antibacterial activities. For instance, as reported in [I30],
ZnO NPs synthesized using plant leaf are used for antifungal activity, in [131] syn-
thesized from vegetable for DSSC application, in [132] synthesized from plant leaf for
anti-bacterial activity and in [133] synthesized from tea leaf for solar cell applications.
The application of ZnO NPs depend on their inherent properties which are correlated
to particle size, morphology and defect structure. By increasing the number of ac-
tive sites of the synthesized samples [134], this surface defect has a significant effect
on optical and electronic properties, as well as on photocatalytic activity. If surface
defects can be systemically introduced into the material by air-quenching (thermal
decomposition) of the precursors, these properties can be monitored. Intrinsic defects
can be introduced by annealing temperature whereas extrinsic defects occur due to
addition of doping metal ion. The size and morphology of nanoparticles has also

influenced on the type of defect centers.
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Lot of researchers used to study ZnO NPs as photocatalyst for the degradation of
the organic dye and found that it shows good photocatalytic activity. Photocatal-
ysis occurs on the surface [I17] of the semiconductor (catalyst) and its efficiency is
strongly influenced by morphology and surface modification of the oxide. The band
gap of semiconductor materials has pairs of electron-hole, producing electrons in the
conduction band, and producing holes in the valance band. In order to produce re-
active oxygen species responsible for photocatalysis, some of these charge carriers
scatter across the crystal surface and react with the absorbed water molecules which
are hydroxide ions and oxygen molecules.

Due to noble properties and various applications of ZnO NPs, we focused on the pho-
tocatalytic application of this nanomaterial by comparing the new synthesis method
with familiar method. Recently, biological route (green synthesis method) has im-
pressed many researchers due to its cost-effectiveness, non-toxic and harmless reac-
tions which made it superior than conventional methods. To the best of our knowl-
edge, for photocatalytic use, ZnO NP synthesized by biological route from olea leaves,
sansevieria (mother in-law tongue), abies fraseri conifer and also rapid route is not
yet reported. We fabricated ZnO NPs via rapid, biological and sol-gel routes. Rapid
and biological routes are new for photocatalytic application and have many advan-
tages than the other routes. We used olea leaves (broadly grown in Ethiopia) and
Sansevieria (mother-in-law tongue) and abies fraseri conifer (widely available in PR.

China) for biological synthesis of ZnO NP as capping and stabilizing agent.
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6.2 Materials and Methods

6.2.1 Materials

Materials and solvents that are used for the synthesis of ZnO nanoparticles via three
methods are zinc acetate dihydrate (Zn(CH3;COO),.2H50, 99 %), sodium hydroxide
(NaOH, 96 %), fresh and healthy olea leaves, sansevieria (mother-in-law tongue),

and abies fraseri conifer, ethanol absolute and dionized (DI) water.

6.2.2 Methods
Synthesis Methods of ZnO

In this experiment, we prepared five samples labelled as RP, SG, OL, MILT, and
AFC by using three methods; rapid, sol-gel and green synthesis methods from the
same precursor and in same annealing temperature within different annealing times.
ZnO nanoparticles (called RP sample) were synthesized using Zn(CH3;COO)9.2H,0
as a precursor material via rapid synthesis method. The synthesis of nano-rod mor-
phology of zinc oxide nanoparticles were conducted according to the procedures devel-
oped in [I35]. About 12 gm of Zn(CH3;COO),.2H,0 was placed into a silica crucible
and calcinated at 400 °C for 12 h in a muffle furnace without any special atmospheric
condition. Above this temperature, the particles are found to thermally degrade [136]
and we observed a color change from white to a dark ash color. Finally, the obtained
material was grinded using mortar and pestle.

The second sample (SG) were synthesized from the same precursor only by changing
the synthesis method according to the procedures developed [137]. ZnO nanoparticles
have been prepared using the mentioned precursor by sol-gel method. An aqueous

solution of 0.3 M (or 4.7756 gm) zinc acetate dihydrate (Zn(CH3COO)9.2H50) is
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dissolved in 50 mL DI-water and stirred for about 25 minutes at room temperature.
After this reaction time, 50 mL of 0.75 M (or 2gm) sodium hydroxide (NaOH) solu-
tion was added dropwise. The mixture is stirred for 4 A at room temperature. After
4 h, the deposited gel-like solution is washed with DI-water and ethanol several times.
The samples are then suspended in ethanol and allowed to age for 2 h without stir-
ring. Thereafter, the sample filtered by electronic filter is dried in an oven at 80 °C'
for 2 h. Then, the prepared ZnO nanoparticles are placed in the middle of muffle
furnace in silica crucible after grinded. The samples have been annealed at 400 °C'
for 4 h.

And in the other case, the other three samples of ZnO NPs are synthesized by using
green synthesis method from plants used as surfactant; (7)- from olea leaves (OL), (ii)-
from sansevieria (mother-in-law tongue) (M ILT), and (7ii)- from abies fraseri conifer
(AFC). A certain gram of olea leaves were collected from olive trees planted at Fac-
ulty of Natural and Computational Sciences of Addis Ababa University (Ethiopia)
and also sansevieria (mother-in-law tongue) and abies fraseri conifer are collected
from North campus of Yancheng Institute of Technology (P.R. China). The collected
leaves were washed several times with DI-water to remove dust particles and then
dried by sunshine to remove the residual moisture. Extracted samples were prepared
by placing 15 gm of dried fine cut in 500 mL glass beaker along with 400 mL of
DI-water for each types of plants separately. The mixture was then boiled until the
color of aqueous solution changed from watery to yellow. The mixture was cooled to
room temperature and filtered with Whatman No. 1 filter paper before centrifuging
at 1200 rpm for 1 h to remove biomaterials. In a typical reaction mixture, 15 mL of

the aqueous yellow extract of plants were added to 300 mL of 4 mM of aqueous zinc
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acetate dihydrate solution and stirred at room temperature for 10 min to achieve
pale yellow solution. After that, 1 M sodium hydroxide solution is added to the
mixture drop by drop, with continuous stirring at room temperature, that leads to
change the color from yellow to yellowish-white suspension. The suspended particles
were purified by dispersing in DI-water and centrifugation several times. Afterwards,
the white particles were washed with DI-water to remove the impurities for the fi-
nal product. Then a white powder was obtained after drying at a temperature of
400 °C' for 8 h in furnace. The dried samples were grinded using mortar and pestle

for characterization.

Photocatalytic Degradation of Methyl Orange Dye

The photocatalytic performances of the samples were evaluated by the decomposition
of methyl orange (MO) solution under UV light. A 120 mL aqueous solution of methyl
orange (10 mg/L) dye was prepared in DI-water. 85 mg of ZnO nanoparticles was
suspended into the dye solution as photocatalyst. For proper homogeneity of the
photocatalyst and to preserve the absorption-desorption equilibrium, the solution
was ultra-sonicated for 30 mun in a dark place and then irradiated by UV light. The
samples were withdrawn within 20 men interval and after the UV irradiations the
photocatalysts were removed from these solutions by centrifugation with 1200 rpm
for 5 mun. Finally, the absorption spectra of the samples were taken by using UV-
Vis-NIR spectroscopy in the wavelength range of 200 — 800 nm with DI-water as the
reference medium.

The degradation rate was calculated using the following formula [120], [138]-[140]:

Co — Cy

G X 100(%). (6.2.1)

Degradation percent =
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where C is the primal concentration of MO solution and C} is concentration at

different UV irradiation time.

Characterization Techniques

X-ray diffractometer (XRD) (PANalytical X' Pert? Powder) was used to identify the
crystallite phase and to estimate the crystalline size. The morphology was charac-
terized by field emission scanning electron microscope (SEM) (FE-SEM, Nova Nano
SEM 450). The optical absorption were measured by ultraviolet-visible-infrared (UV-
Vis-IR) spectroscope (UV-3600 plus, Shimadzu). EDX to determine the composition
of the synthesis sample. The photocatalytic performance of the prepared samples
were evaluated by the same equipment and all measurements were carried out at

room temperature.

6.3 Results and Discussion

6.3.1 XRD Patterns of ZnO Nanoparticles

The crystal structures of ZnO nanoparticles are confirmed by X-ray diffraction with
Cu Ka radiation and the pattern recorded in the 26 range from 25° to 75° operating
at 40 KV and 40 mA as shown in Fig. [6.1[a). It has been found that all the
major diffraction peaks are perfectly indexed to the hexagonal wurtzite structure of
ZnO. In this pattern, the peaks (position are the same i.e., overlap with each other)
are detected at angles of 20 around 31.75°, 34.43°, 36.25°, 47.55° 56.60°, 62.90°,
66.45°, 67.98° and 69.08° corresponding to the lattice planes (100), (002), (101),
(102), (110), (103), (200), (112) and (201), respectively, which are in good agreement

with those of powder ZnO obtained from the International Center of Diffraction
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Samples | Cr. size for plane | Spacing | Average size
hkl =101, (nm) | dit(A) | D (nm)
RP 30.25 2.211 27.01
SG 23.84 2.215 22.37
OL 10.34 2.218 10.65
MILT 20.74 2.216 20.72
AFC 21.40 2.214 19.67

Table 6.1: Crystallite size for a particular plane (D at hkl = 101) (2"¢ column),
interplanar spacing at djo; (3" column) and average crystallite size (D) (4" column)
of ZnO NP.

Data card (JCPDS-36-1451) confirming the formation of a crystalline structure. No
extra diffraction peaks of other phases were detected, indicating the phase purity of
the ZnO nanopowder. The average crystallite size of the ZnO NPs were calculated
using Debye Scherer formula Eq. and listed in Table (6.1]). The variation in
the average crystallite size of ZnO NPs may be due to the duration of calcination
temperature, the procedure of synthesis and plant extraction solution. All ZnO NPs
possess wurtzite crystalline structure with lattice parameters shown in Table .
The structure of ZnO can be simply described as a number of alternating planes
composed of tetrahedrally coordinated Zn?** and O?~ ions, stacked alternately along

a certain axis.  The lattice constants ‘a’ and ‘¢’ related to the spacing ‘dyy;’ for

wurtzite structure of ZnO have been calculated according to Eq. (6.3.1)).

ac 3
dpr = ?\/02(112 Rk k) + 3(ai)2 ) (6.3.1)
where h, k and [ are the Miller indices, d is interplanar distance.
According to Eq. , the spacing for a particular plane dyp; are summarized in
third column of Table . It is seen that the decomposition of the biological matter

is complete due to the lack of Bragg reflexes at low scattering angle and amorphous
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Figure 6.1: XRD pattern (a) and SEM image of ZnO NPs (b-f).

humps at the scattering angles of ZnO.

6.3.2 SEM Analysis

The morphology of the synthesized ZnO NPs are observed with the aid of Nova Nano
SEM (NN-SEM) at different magnification for 5 £V applied potential as shown in the
Fig. [6.1b-f). The different shape of the ZnO NP formed from different precursors
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seem to be aggregated and have hexagonal shapes and facets. The ZnO NP synthe-
sized by green synthesis method have been presented using a higher magnification
of ~ 250,000x and it is clearly evident that there is a lot of agglomeration due to
possibly to week Van Der Waal interactions. The agglomeration occurred probably
during the process of drying. The morphology of ZnO NP prepared by biological
route is spherical, sheet-like and grain-like, respectively, for OL, MILT and FAC.
The morphology of the other samples are rod-like and sheet-like for rapid (RP sam-
ple) and sol-gel (SG sample) routes, respectively, which are very best quality for

photocatalytic application due to their site of interaction with incident light.

6.3.3 Optical Spectroscopy of ZnO Nanoparticles

The UV-Vis absorption peaks of ZnO NPs were recorded with UV-Vis spectroscopy
in the wavelength region of 200—800 nm at room temperature. Finally, the absorption
spectra of ZnO NPs were analyzed using origin 8.5 software. As shown in Fig. [6.2]
all the fine grounded powder samples absorb the radiations in the UV range up to
366.50 nm. This confirms the presence of ZnO nanoparticles which absorbed light in
the UV spectral region and almost all the visible spectral radiations are transmitted
by the samples. The UV emission refers to the recombination between the conductive
band and the valence band of free excitons and is termed near-band-edge emission
(NBE). Figure , shows the Tauc plots for different samples, which were applied to
determine the optical band gap energy (£,) of the ZnO nanoparticles. The energy

band gap of the prepared samples are estimated using Tauc relation [141], [142]:

ahv = A(hv — E,)". (6.3.2)
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Figure 6.2: UV-Vis absorption spectra of ZnO nanoparticles synthesized via three
routes from the same precursors.

where A, h, v, a and E, are a constant, Plank’s constant, frequency of the incident
photon, optical absorption coefficient, and the band gap energy of semiconductor,
respectively. The constant ‘n’ correspond to direct (n = 1/2) and indirect (n = 2)
band gap semiconductor [T41], 143].

The band gap energy of the ZnO NPs can be determined by extrapolating the curve
drawn between hv against (ahv)?. As depicted in Fig. , the band gap energy
obtained by extrapolating the curve is found to be approximately 3.19 eV, 3.04 eV,
3.26 eV, 3.18 eV, and 3.11 eV for RP, SG, OL, MILT and AFC samples, respec-
tively. This variation in band gap might be due to various factors such as structural

parameter, carrier concentration, size, and induced defects [144].

6.3.4 Photocatalytic Degradation Studies for ZnO Nanopar-
ticles

Figure [6.4] shows the percentage of photocatalytic degradation of MO dye solution

with 85 mg of ZnO NPs under UV-light irradiation. The characteristic absorption
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Figure 6.3: The band gap energies plotted as (ahv)? Vs hv of zinc oxide nanoparti-
cles.

peaks of MO around 463 nm are monitored for different UV exposure time. It can
be seen from Fig. [6.4(a), the samples AFC, MILT, OL, SG and RP have 31.61 %,
40.92 %, 20.23 %, 88.14 % and 93.71 % percent of photodegradation respectively at
120 min UV-light irradiation time as summerized in Fig. [6.4{c).

ZnO NPs have high binding energy than other transparent conducting oxides (TCO)
which persist the event of excitonic absorption and recombination between electron
and hole even at room temperature [145]. This process is enhanced with the nature of
a direct band gap electronic structure due to their high absorption coefficient which
favors increased photo-absorption and thus enhances the efficiency of photo-generated
electron transfer. When UV irradiated, ZnO nanostructured photocatalysts are ex-
cited to produce a pair of electrons and holes. The oxygen molecules adsorbed on the
photocatalyst interacts with ZnO to form superoxide anion radicals (eO; ). Surface

hydroxy groups react with holes in the valence band of ZnO leading to the formation
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Figure 6.4: Percentage of degradation (a), photocatalytic activity (b), the summary
of percentage of degradation (c¢) and photocatalytic activity (d) of zinc oxide NPs, and
schematic of mechanism for MO degradation over ZnO NPs under UV irradiation.

of highly reactive hydroxyl (eOH) radicals. The hydroxyl radicals (eOH) and su-
peroxide radicals (e0; ) react with the dye molecules adsorbed on the photocatalyst
surface and lead to their photocatalytic degradation. The mechanism is schematically
depicted in Figure (d) and the possible corresponding reactions taking place are

summarized as follows:

ZnO + hv — e (CB) + h"(VB),

e ¢ + 0y — 00,

ht + OH- — eOH,

e o OH + organic dye — degradation products,
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e o, +organic dye — degradation products.

The photocatalytic application of ZnO NPs depend on the morphology, size and
shape intrinsic defects as well as method of preparation. As shown in Fig. [6.4] rapid
synthesis of ZnO NP has good photocatalytic degradation for the rod-like shape than
the other samples. In photocatalytic analysis, rod-shaped nanoparticles demonstrate
the best photocatalytic efficiency due to the large ratio of surface to volume. These
different morphologies has been found to be greatly influenced on the time rate of
photocatalytic activity [146].

The degradation of organic dye (MO) on the surface of photocatalyst can be described
by pseudo-first-order degradation kinetics. The degradation/reaction rate constant

can be determined by the following formula [147], [148]:
kt = In(Cy/Cy), (6.3.3)

where k is the photocatalytic degradation constant (photocatalytic activity) and ¢ is
a time of degradation.

From the logarithmic expression Eq. [6.3.3 the photocatalytic activity is obtained
from the graph of In(Cy/C;) versus irradiation time (t) as shown in Fig. [6.4(b). The
degradation rate of our sample is obtained from the slope of the fitting curve (i.e., k).
The photocatalytic degradation rate constant (2.27 x 1072 min~') of rod-like ZnO
NP (RP) is larger and around 7.79, 8.14, 12.20 and 1.32 times the others degradation
rate constants: AFC, MILT, OL and SG, respectively.

6.4 Conclusions

Zn0O NPs have been fabricated for use in various field of applications such as photocat-

alytic, solar cell, biological /medical, cosmetics due to their unique properties. In this
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work, ZnO NPs with different morphology were synthesized by three cost-effective,
non-toxic, and ease to control and scale up methods: rapid, sol-gel and green syn-
thesis. The photo-degradation of nanomaterial highly depend on the morphology,
band gap energy, and electron-hole recombination rate; the photo-degradation of RP
sample is more enhanced than the other samples due to its morphology. From the
result of XRD and TEM, the particle size of the synthesized ZnO NPs using green

synthesis method are small compared to the others.



Chapter 7

Rapid Synthesis of Triple Layered
Cylindrical Zn0QS510,@Ag
Core-Shell Nanostructures for
Photocatalytic Applications

7.1 Introduction

Recently, core-shell nanostructured (CSNS) materials have attracted great attention
in various fields due to their unique electrical, catalytic, magnetic, plasmonic and
optical properties. Due to quantum confinement effects, large surface-to-volume ratio
of the constituents and the interaction between the constituents; core-shell nanoparti-
cles (CSNPs) exhibit high thermal/chemical stability and high light harvesting ability
with new and/or modified material properties [50, 83| 149, [150]. The properties of
CSNPs can be modified by changing the constituent materials’ geometry, core size,
spacer, shell thickness, and the host-medium [51], 96, [T51]. These new and/or modified
properties of the CSNS materials have various potential applications; such as in bio-

nanotechnology, enhanced optical devices, tailored magnetic devices, electronic and

97
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optical devices [152], bio-imaging systems, pharmaceutical analysis [153], energy stor-
age materials [I52]-[154], genetic engineering, dye sensitized solar cells (DSSC) [155]
and many important catalytic processes [50], 156, I57]. The fabrication of CSNSs
require careful selection of the core and shell materials with the aim to optimize the
passivation and to reduce the structural defects induced by positive mismatch of their
lattice parameters. Both double- and triple-layered core-shell nanostructures can be
assembled from semiconductor, dielectrics, metal, or organic/inorganic in different
possible combination [50} 96|, [97].

Among the widely used types of core-shell structures is the zinc-oxide (ZnO) based
nanocomposite. The wurtizite form of zinc-oxide (Zn0O) has a wide band-gap of 3.37
eV and high exciton binding energy (~ 60 meV’) at room temperature [02, [158]. In
addition to these bulk material properties, ZnO nanoparticle exhibits a unique and
controllable features which makes it suitable for a variety of new /additional potential
applications in laser diodes, solar cell, field emission displays, field effect transistor,
optoelectronics devices, gas sensor, photo-catalysis, antibacterial activity, ultraviolet
laser [157, 159, [160]. Recently, much effort has been devoted to study ZnO as a
promising photo-catalyst for the photo-degradation of waste water, owing to its high
activity, ease of morphology control, low cost, abundance, and environmental friendly
feature.

However, the drawback of ZnO NPs for photocatalytic is the large band gap and
charge carrier recombination of the photo-generated electron/hole pairs that occurs
within a few nanoseconds [5], [I61]-[163] and hence its photocatalytic activity is rel-
atively weak. On the other hand, silica (S70,) is used in many fields for applications

like catalysis [0, [164], drug delivery, chemical sensor, biomedical [164], [165], which
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motivated us to synthesize and characterize core-shell nanocomposites consisting of
Zn0 and Si0,. We believe that, this core-shell nanocomposite will enable us to
achieve novel properties resulting from the synergic interaction of these two chemical
components. In addition to providing large surface area and inhibit recombination of
electron-hole pairs [162, [166], SiO, can also help to improve the dispersion properties
of other third layer like noble metals on the surface and create new catalytic active
sites due to the interaction between semiconductor photo-catalysts and SiOs. The
absorption threshold of Si0, core-shell nanocomposites span from the UV to visible
light spectral regions. The absorption can be enhanced and extended by employing
various techniques such as coating by plasmonic materials [83] [167]. The noble metals
Ag, Cu, Au, and Pt are preferred as a coating materials due to the following reasons

46, 52, [153];
e they act as a trap

e assist separation of electron and hole pairs

they have high chemical stability

bio-affinity

strong absorption of light

Particularly, for photocatalytic application the plasmonic Ag is used as a shell be-
cause it has high electrical and thermal conductivity, high work-function, non-toxicity,
improved overall photocatalytic performance of its composite, and antibacterial char-
acteristics [168]-[170].

In the present work, we report the photocatalytic application of plasmonic triple-

layered Zn0O@Si0,@Q Ag cylindrical-shaped core-shell nanostructures for the first time.
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These rod-shaped nanocomposite samples were synthesized by combining three meth-
ods: rapid thermal decomposition, Stoeber method, and precipitation. The plasmonic
Ag shell has a great role for the enhancement of photo-degradation, chemical stability,
reusability, and optical absorbance. The as-prepared samples were characterized by
X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible
(UV-Vis) spectrometer. The photocatalytic activity of the synthesized nanoparticles
was analyzed by the photo-degradation of methylene blue (MB) (as a model for pollu-
tants in waste water) under UV irradiation. To the best of our knowledge, plasmonic
coated, rod-shaped triple layered ZnO@QSiO,@Ag core-shell composite nanostructure
for photocatalytic application has never been investigated and this forms the basis of

this study and articulated in this chapter.

7.2 Materials and Methods

7.2.1 DMaterials

The materials used for the synthesis of ZnOQ@Si0O,QAg triple layered core-shell
nanoparticles are zinc acetate dihydrate (Zn(CH3COO)s-2H50, 99%), silver nitrate
(AgNOs3, 99.8%), and tetraethoxysilane (TEOS) as precursor materials, ammonia
solution (NH,OH, 25%), sodium hydroxide (NaOH, 96%) and sodium borohydrate
(NaBH,4) was used as reducing agent, cetyltrimethyl ammonium bromide (CTAB)
was capping as well as stabilizing agent, absolute ethanol (EtOH), methylene blue
(MB), and DI water.
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7.2.2 Synthesis of Core-Shell Nanoparticles
A) ZnO Nanoparticles

Initially, samples of ZnO nanoparticles were prepared according to the procedures
outlined in [I35]. The zinc acetate dihydrate, Zn(C H3COO), - 2H50 was used as a
precursor material. 12 gm of Zn(C H3COO)s-2H,0 were placed into a silica crucible
and calcined at 400 °C' for two reaction times, 4 h and 12 h in a muffle furnace without
any special atmospheric condition. Finally, the resulting samples were grinded using

mortar and pestle to obtain ZnO NPs in powder form.
B) Zn0O@SiO, Core-Shell Nanoparticles

The core-shell ZnO@S10y nanoparticles were prepared by using Stoeber method.
About 2 gm of the prepared ZnO nanoparticles were dispersed into a mixture of
20 mL ethanol, 9 mL deionized water, and 0.5 mL ammonia solution (25 %) under
ultrasonic condition for 30 min, and then 0.5 mL of TEOS was added into the mixture.
After a reaction time of 3 h, the precipitate was isolated by centrifuge and washed
with ethanol and water several times. The as-obtained products were dried at 80 °C
under vacuum for 2 h. The samples synthesized using the ZnO NPs with reaction
times of 4 h and 12 h at 400 °C' are labelled as ZS4 and ZS12, respectively. Both

samples were grinded and prepared for the next triple layered CSNS.

C) Zn0OQSiO,@Ag Core-Shell Nanoparticles

The triple-layered ZnOQSiO,@Ag NPs were synthesized from the prepared 754
and ZS12 samples using the precipitation method. About 0.7 mmol of ZnOQSi0,
NPs were dispersed in 50 mL deionized water using ultra sonication for 30 minutes.

After sonication, 0.09 mmol of CTAB was dissolved in the solution under constant
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stirring by magnetic stirrer, heated at 50 °C', and then cooled down gradually to room
temperature. Then, 25 m L aqueous solution of 0.7 mmol of AgN O3 was slowly added
drop-wise to the solution, the mixture was continuously stirred for about 1 h. Next,
25 mL aqueous solution of 0.7 mmol of NaBH, were added to the resulting mixture
with constant stirring to reduce the Ag NPs. Then, the solution was centrifuged with
ethanol and deionized water. After centrifugation, the obtained product was dried
over night in an oven at 80 °C’. Finally, the synthesized materials were ground using
mortar and pestle to obtain ZnOQSi0,@Ag NPs in powder form for characterization.
The tripled-layered samples prepared using the ZS12 and Z.54 samples were labelled
as ZSA12 and ZS A4, respectively.

7.2.3 Characterization of the Samples

To determine the crystalline phase and estimate the crystallite size of the prepared
Zn0QSi0y and ZnOQSi0,@Ag NP samples, X-ray diffractometer (XRD) (PAN-
alytical X -pert? power) measurements were taken. The morphologies were charac-
terized by using field emission scanning electron microscope (SEM) (FE-SEM, Nova
Nano SEM 450) and transmission electron microscope (TEM) (JEOL TEM-2100F).
The physical state and elemental composition of the composite investigated by X-ray
photoelectron spectroscopy (XPS). And also, the optical absorption spectra were mea-
sured by ultraviolet-visible (UV-Vis) spectrophotometer (UV-3600 plus, Shimadzu).

All the measurements were carried out at room temperature.
Photocatalytic Activity and Stability of the Samples

The photodegradation effect of methylene blue (MB) dye were used to investigate the

photocatalytic activity and stability of the prepared ZnOQSiOs and ZnOQSiO,QAg
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samples. Accordingly, 85 mg of these samples were suspended each into separate
100 mL aqueous solution of MB (10 gm/L) dye which were, in advance prepared
using deionized water. Magnetic stirrer was also used to keep the solution chemically
uniform (to make adsorption-desorption equilibrium) at dark place [I71, 172]. The
mixture was poured into the photoreactor. Samples were collected at regular time
(20 min) intervals and were immediately centrifuged to remove particles for analysis.
Finally, the UV-Vis absorption spectra of the purified solutions were measured in the
wavelengths ranging from 350 to 800 nm.

Moreover, the photodegradation efficiency of methylene blue has been calculated ap-
plying Eq. ; where Cy and C; are the concentration of MB dye at the initial

time t = 0 and at a later time t, respectively.

7.3 Results and Discussion

7.3.1 XRD Patterns of ZnO Nanoparticles

The structure of the ‘bare’ and Ag-coated ZnO@SiO, core-shell nanoparticles were
investigated by XRD analysis and the diffraction patterns were recorded in the 26
range from 20° to 73° as shown in Fig.

As shown from the XRD spectra that for both core-shell NP samples Z512 and Z.54
(i.e., ZnOQSiOy NPs prepared at reaction times of 12 h and 4 h), the diffraction
peaks are detected at angles 26 of 31.75°, 34.43°, 36.25°, 47.55°, 56.60°, 62.90°, 66.45°,
67.98° and 69.08° corresponding to the lattice planes (100), (002), (101), (102), (110),
(103), (200), (112), and (201), respectively. It is found that all the major diffraction

peaks are well matched with the standard hexagonal wurtzite phase of ZnO (JCPDS
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Figure 7.1: XRD pattern of ZnO@S5i0, and ZnOQ@SiO;@Ag CSNPs.

260 (degree)

Samples | Reaction time, (hrs.) | Average size, D (nm)
754 4 25.04
7512 12 26.18

ZSA4 4 27.98

ZSA12 12 30.56
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Table 7.1: Crystallite size of the nanoparticles prepared at a reaction temperature of

400 °C.

No. 36-1451, space group P63mc[186]) confirming the formation of a crystalline struc-

ture. Moreover, the diffraction peak of SiOy was expected around 25° (indicated by

blue arrow in Fig. , but no peaks were detected this is expected due to the high

cohesive energy and the low recrystallization rates of Si0O,. This indicates that SiO,

is amorphous does not change the structure of the core material [173].

In addition, Fig. depicts the XRD pattern of the Ag-coated samples ZSA12

and ZSA4. Due to the Ag-coating of ZnO@QSi0,, additional diffraction peaks (JCPDS
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No. 04-0783, space group-Fm-3m|[225]) are observed at 26 angles of 38.13°, 44.30° and
64.44° corresponding to the Ag lattice planes (111), (200), and (220), respectively.
In this pattern, no extra diffraction peaks of other phases are detected, indicating
the phase purity of the composite powder. The result indicates that the core ma-
terial is successfully modified with the shell material. Also, as shown in Fig. [7.1]
the intensities are increased when the duration of reaction temperature is increased
while it decreased when Zn0O@JSi0, is coated by plasmonic Ag. From this result, we
understand that the crystallite or the atomic arrangement in the crystal is affected
by temperature for prolong time [I74]-[176]. In addition to the duration of reaction
temperature, the intensity is decreased when the concentration of Ag is increased (see
the result of EDS). The reason for this is that Ag nanoparticles may be dispersed
in the structure of ZnOQ@QSiO, or large amount of Ag is deposited at the surface of
Zn0QSiOy [14].

The average crystallite size of the samples were calculated using Debye-Scherer for-
mula Eq. . Accordingly, the estimated average crystallite sizes are about
26.18 nm, 25.04 nm for ZS512 and Z 54, respectively and for triple layered ZnO@QSi0O,QAg
are 27.98 nm and 30.56 nm for ZSA12 and Z.S A4, respectively.

7.3.2 TEM Analysis

TEM analysis reveals whether the intended composite nanostructures are formed. In
particular it aids in the conformation of the formation of a shell on the core surface
of the Si0O, shell [I51]. The TEM images and the corresponding Energy-Dispersive
X-rays Spectroscopy (EDS) analysis of the samples are shown in Fig. [7.2(a)-(f). It
is observed that, SiO; NPs are successfully deposited on the surface of the rod-like

Zn0O NPs with thickness of around 6 nm and also the crystallite size of synthesized
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Z5A12

Figure 7.2: TEM image of ZnOQSiOy (a,b) and ZnOQSiO,@QAg (c,d) cylindrical
CSNPs and EDS result of ZnOQSi0O,@QAg (e,f).

nano-composite is confirmed to be in agreement with obtained by XRD. The Ag NPs
deposited on the surface of ZnO@SiOy inner core-shell as in Fig. [7.2(c) and (d)
are attributed to the electrostatic attraction between the Ag NPs and the CTAB
functionalized S10Oy NPs. However, in some regions the Zn0O@Si0O, inner CSNPs
are found not to be ‘fully’ covered with Ag NPs which may due to the presence of
interfacial interaction between the SiO; and Ag NPs.

Figures. [7.2/e) and (f) show the EDS spectra of the ZnO@SiO,@Ag CSNCs syn-
thesized by coating the ZS512 and ZS4 samples with Ag NPs. The EDS analysis
indicates the elemental composition of the prepared samples. From the Figures, it

can be confirmed only S7 (7.20 wt%, 5.24 wt%), Zn (55.65 wt%, 62.03 wt%), O (30.82
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wt%, 25.85 wt%) and Ag (6.33 wt%, 6.88 wt%), respectively, for ZSA12 and ZS A4,
elements are present in the synthesized material and there were no other impurities

detected.

7.3.3 SEM Analysis of Zn0@S5:0,@QAg Nanocomposite

The morphology of the prepared nanocomposites were studied by using scanning
electron microscope (SEM) at different magnification for an applied potential 5 kV .
Figure (a)-(d), illustrates the SEM images of ZnO@SiOy and ZnOQSiO,@Ag
CSNPs which were prepared at different reaction times. Due to the morphology of
the initially prepared core material, the SEM images clearly indicate that the surface

morphology of both ZnOQSiO, and ZnOQSi0,@QAg CSNPs are rod-shaped.

7.3.4 Optical Spectroscopy of Core-Shell Structures

UV-Vis-NIR spectroscopy is an important technique to investigate the optical proper-
ties of various forms of materials such as nanocomposites. The absorption spectra of
the as-prepared Zn0OQSi0Oy and ZnOQ@Si0,QAg samples were recorded using UV-
Vis-NIR spectrophotometer at room temperature as shown in Fig. [7.4 The UV-Vis
spectra showed that all the four samples exhibited maximum absorbance peak at
363 nm, which conform to the well-known intrinsic band-gap absorption of the ZnO.
Generally, the overall optical property is related to electron excitation from the va-
lence band (VB) to the conduction band (CB), and it is used to evaluate the optical
band gap energies of the samples. The energy band gap of the prepared samples
are estimated using Tauc relation of Eq. ; where n = 0.5. Then, the optical
band gap energies of the samples were estimated from the hr- intercept in the plot of

(ahv)? versus hv. Accordingly, the band gap energies of double (SA12 and ZS4) and
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Figure 7.3: SEM image of ZnO@SiOy CSNPs (Z512, ZS4) and ZnOQSi0,QAg
CSNPs (ZSA12, ZSA4).

triple layered (ZSA12 and ZSA4) core-shell nanostructure samples were found to be
3.21 eV and 3.13 eV, respectively. The band gap energy, morphology, photocatalytic
response, and other properties of a certain matrical can be modified by doping, mak-
ing core-shell, alloying. In this work, the band gap energies of double layered (SA12
and ZS4) core-shell composite nanostructures is decreased due to the presence of Ag

as a coat.

7.3.5 X-ray Photoelectron Spectroscopy (XPS)

The surface element composition and chemical states of triple layered core-shell

Zn0@Si0,@Ag nanostructures were studied by using XPS, as shown in Fig. [7.6]
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Figure 7.4: UV-Vis absorption spectra of ZnOQ@QSi0y and ZnOQSi0O,@QAg nanopar-
ticles synthesized from two ZnO NPs which are calcinated at different time.

After calibrating the composite elements by the C' 1s at 284.8 eV which is existed in
the instrument [I77], the survey scan XPS spectrum indicates the binding energies of
Zn, Si, Ag, and O in the core-shell composite. The elemental composition of both
(ZSA12 and ZSA4) composites are similar to the result obtained by EDS.

Figure[7.7|(a)-(d) displays the high resolution of XPS spectra for Zn 2p, Si 2p, Ag 3d,
and O 1s, respectively. Fig. (a), shows the binding energy of Zn 2p at 1046 eV
and 1022.85 eV, which is attributed to Zn?** in ZnO@SiO,@Ag (ZSA12) nanocom-
posite. For low reaction time of the composite (ZSA4), the binding energy is slightly
shifted to the higher values due to low density of oxygen. In Fig. [7.7(b), the peak with
the binding energy of 102.55 eV and 103.20 eV, respectively, for ZSA12 and ZS A4
are attributed to Si 2p, which represent the typical SiT. Similarly, in Fig. (c),
the two peaks with the binding energies 373.30 eV and 367.30 eV are attributed to
Ag 3dzj; and Ag 3ds)9, respectively, of Ag nano-shell in ZSA12 composite. These

two peaks for ZS A4 are shifted to higher energy values by 0.83 eV. The splitting of
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Figure 7.5: The optical absorption band gap energy estimated using Tauc’s plot
relation for ZnOQSi0, and ZnOQSi0O,@Ag CSNPs.

the Ag 3d doublet at approximately 6 eV, confirms that Ag is present as Ag® in the
synthesized triple layered CSNSs [169]. The peak associated to Ag 3ds/, shifted to
lower value relative to pure metallic Ag, this might be due to the interaction between
Ag nano-shell and ZnO@Si0, core. As we have seen from the results, the XPS and
the XRD data further confirmed the formation of Ag NPs in the nanocomposite. Fig.
(d) , shows the binding energy of O 1s at ~ 532 eV for both ZSA12 and ZSA4

CSNSs can be attributed to the metal bound oxide component (O*7) of Zn?** or Si**.

7.3.6 Photocatalytic Activity and Stability of the Samples

The evaluation of the photocatalytic activity of the synthesized double (Z512, Z54)

as well as triple layered (ZSA12, ZSA4) core-shell nanostructures were carried out
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Figure 7.6: The survey scan XPS spectrum of Zn0OQSi0O,@Ag CSNPs.

using one of the important dyes, methylene blue (MB). Metallic shell Ag nanoparti-
cles are used to make the synthesized nanocomposites chemically stable. The pho-
tocatalytic activity of the core-shell nanocomposite was evaluated by monitoring the
degradation of MB in an aqueous solution, under irradiation of UV light. It is found
out that as the irradiation time is increased, the maximum absorption decreased
slowly and faded after 120 min of irradiation time, which indicates the discoloration
of MB or remove of waste materials from polluted water.

When the nanocomposite solution is irradiated with energy equal to or greater than
the band gap energy of the nanocomposite, electrons move to the conduction band
(CB) to generate holes in the valence band (VB). The generation of electron-hole
pairs due to UV irradiation leads to the formation of radicals, which are responsi-

ble for the degradation of organic pollutants [154) [I78]. The possible photocatalytic
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Figure 7.7: High resolution XPS spectra of (a) ZnO 2p, (b) SiO, 2p, (¢) Ag 3d, and
(d) O 1s.

reaction mechanism, for instance for the ZSA samples, can be described as follows:

ZSA+hv = ZSA(egy + hip),
MB+hv = MB*+ecg+ hirg,
ecp+ 02 = 05,
hip+ H,O = H' + eOH,
200, +2H,0 = Hy05+ Oy +20H™,
HyOy +eqpy = ©OH +OH™,
MB+ hi;p/ e OH/ e O; = COy+ HyO + other.
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Charge carriers are expected to be produced from both photocatalyst and MB dye.
In this photodegradation reaction electrons from MB dye are injected to the CB of
the catalyst. The photogenerated electrons and holes pairs are transferred to the
surface and reacted with the absorbed reactants as shown in Fig. [7.8{(d). The photo-
generated holes and electrons from photocatalyst and dye are trapped, O, and H5O.
The reactions with these are produced radicals which are extremely strong oxidants

for the degradation of organic chemicals.
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Figure 7.8: Percentage of degradation (a), photocatalytic activity (b), the summery
of percentage of degradation (c¢) and photocatalytic activity (d) of double and triple
layered CSNPs, and schematic of mechanism for MB degradation over triple layered
CSNPs under UV irradiation light.
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The absorption of photocatalytic solution is exponentially related with the irradi-
ation time. The photocatalytic degradations of methylene blue (MB) in the presence
of synthesized CSNPs, follow pseudo-first-order degradation kinetics described by

[166, [179];

Cy = CoExp(—kt), (7.3.1)

where k is the photocatalytic degradation constant (photocatalytic activity) and
¢ is a time of irradiation. As shown in Fig. [7.8|a), about 70.69 %, 67.77 %, 95.37 %
and 90.14 % MB were degraded after 120 min for ZnO NPs, Z512, ZS4, ZSA12
and Z S A4 core-shell nanostructures, respectively. As shown in the result, the photo-
degradation of the composite depend on the calcination time even for one constituent,
i.e., for the core ZnO. In this case, both double - and triple - layered core-shell
nanostructures which have their core material calcined for a long time, their photo-
degradation activity was found to be enhanced.
The enhancement of photodegradation activity of a certain catalyst was studied using
the Langmuir-Hinshelwood kinetics model [I80]. Here, to determine degradation rates
from our data, the linear form of Eq. is written as Eq. (6.3.3)), where in
this expression, k, is the slope. From this logarithmic equation, the photocatalytic
activity is obtained from the graph of In(Cy/C}) versus t as shown in Fig. [7.8(b).
The values of k for the samples ZS512, ZS4, ZSA12 and ZSA4 were found to be
9.94 m(min)~!, 8.81 m(min)~', 24.08 m(min)~!, and 19.29 m(min)~!, respectively.
The percentage of photocatalytic degradation and photocatalytic activity of both
triple layered ZnO@SiO,@Ag CSNSs were summarized in Fig. [7.8(c).
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7.3.7 Cyclic Stability of Triple Layered Core-Shell Nanos-
tructure

A stable and re-usable photocatalyst has much more importance in the field of catalyst
from the perspective economic and environmental objectives [I4]. In this study, the
cyclic stability of the as-prepared triple layered CSNS (Z.SA12) for the photocatalytic
degradation was evaluated for five catalytic runs. After separating the photocatalyst
Z S A12 from the degraded solution by using centrifugation technique, the separated
photocatalyst was washed with DI water several times and then dried in oven. The
triple layered ZnO@SiO;@QAg CSNSs synthesized from ZS12, were re-used and the
cyclic stability was evaluated. The cyclic stability of ZnOQ@SiO,@Ag CSNSs were
evaluated by monitoring the photocatalytic degradation of the same dye MB under
UV irradiation light. For the consecutive five cycles, we used photocatalyst separated

from the preceding degraded solution. As shown in Fig. [7.9] it was found that the
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Figure 7.9: Cyclic photodegradation curve for the triple layered ZnOQSiO,@QAg
CSNSs photocatalyst.

recycled triple layered CSNPs did not show any change in the photodegradation even
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after five cycles indicating that the photocatalyst has high chemical stability and
does not photocorrode during the photocatalytic oxidation of the model pollutant
molecules [I71]. This new type of composite nanostructure has excellent photocat-
alytic stability and reusability than Ag doped ZnO [I8]1]. Hence, the triple layered
Zn0Q@Si0,@Ag CSNSs can be recycled and reused, which can be potentially used in

practical applications.

7.4 Conclusions

In this work, the optical property and photocatalytic degradation application of triple
layered core-shell composite nanostructure, Zn(O as an inner core, Ag as a shell
and Si0, as spacer between core and shell has been studied. The triple layered
Zn0QSi0,@Ag cylindrical-shape core-shell composite nanostructures were synthe-
sized by combining three methods: rapid thermal decomposition, stoeber and precipi-
tation. The synthesized triple layered samples were characterized by X-ray diffraction
(XRD) spectroscopy, transmission electron microscope (TEM), scanning electron mi-
croscope (SEM), X-ray photoelectron spectroscopy (XPS), and UV-Vis spectroscopy.
From the result of these characterization techniques, double and triple layer core-shell
composite nanostructures are successfully prepared with nano scale size. As confirm
by TEM and XRD, the size of synthesized samples are in the range of 25 nm and
31 nm. The morphology and whether the samples are core-shell or not are char-
acterized by TEM and SEM. Due to the presence of Ag as a coat over the double
layer, the band gab energy is modified from 3.21 eV to 3.13 eV. The photocatalytic

performance of the synthesized nanostructures was investigated by the decomposition
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of methylene blue solution. Due to interchange properties of constituents, the photo-
catalytic degradation of the composites are found to be enhanced in the UV spectral
region. In the enhancement photodegradation, chemical stability, re-usability, and
optical absorbance plasmonic shell Ag has a great role in the core-shell composite
nanostructure. The formation of triple layered core-shell nanocomposite suppressed
the recombination and promoted the separation of photogenerated the pairs of hole-
electron. Finally, we note that triple layered core-shell nanostructure arrays may

create the opportunity for broad band absorption and light harvesting applications.



Chapter 8

Enhancing the Photocatalytic
Application of Bi Doped/Undoped
T109 Nanoparticles Using GGinger
(Zingiber Officinale) Extract

8.1 Introduction

Green nanotechnology is the fastest growing segment in the field of nanoscience and
nanotechnology. Nanoscience and nanotechnology refers to the field of studies about
the fabrication and design of materials under < 100 nm at least in one dimension
and characterization of tunable size dependent properties for a wide variety of ap-
plications. Generally, green nanotechnology and nanoscience in nanotechnology to
minimize potential environmental pollutant and human health risks and the use of
nanotechnology products, using less energy during manufacturing process, the ability
to recycle products after use, and to encourage replacement of existing products with
the new nanoproducts that are more environmentally friendly.

Nowadays, the rapid expansion of the global economy and extension of industrial
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expansion in developing economies has been the enormous release of waste mate-
rials which portend harmful effects to the environment through pollution. Adverse
consequences to affect human health and environment require mitigation trough erad-
ication of these toxic materials. There are few methods to control the hazardous of
these pollutants, among which photocatalysis is considered as an efficient, stable, and
environmentally friendly method. So far, 79O, nanoparticles (NPs) have been widely
used as photocatalyst in the photo-degradation of organic pollutants, due to its high
photocatalytic activity in UV region, cost-effectiveness, good stability, availability,
non-volatile, high electrical resistance, reusable, and non-toxicity [12] [176], 182, [183].
Due to the fast recombination of electron-hole pairs and wide band gap (3.2 eV),
the synthesized TiO, is not sensitive to visible light which accounts for 45 % of solar
spectrum [I8, 36}, [184]. TiO, NPs were synthesized by various chemical and physical
methods: sol-gel, precipitation, hydrothermal, solvothermal, chemical vapour depo-
sition, and the like. But, these methods are costly, toxic, and energy consumer.
However, green synthesis method is cost effective, eco-friendly, biocompatible, con-
sumes less energy, and avoid adverse effects during their applications [185, [186].

TiOy can exist in nature in three distinct polymorphs: tetragonal — anatase, or-
thorhombic — brookite and tetragonal — rutile. The brookite phase is generally
unstable and extremely difficult to synthesize, making it thus attract of low scien-
tific interest. The anatase and rutile phases occur naturally, but can be synthesized
easily in the laboratory. These two crystal phase exhibit important differences. The
rutile crystal structure being more compact than the anatase form, presents a high
refractive index, a higher density and is the more stable form. But, anatase titania

is mostly used for photocatalytic application, due to its large surface area.
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Particularly anatase 7905 NP has low photocatalytic efficiency in visible light range
and restricts its activity to the UV range [I87]. To increase this efficiency and to make
it sensitive to visible light, various methods have been used to enhance its absorption
of the solar spectrum and to inhibit the recombination of photogenerated electron-
hole pairs [I87, [188]. A prominent approach is doping it with transition metals (such
as; Ag, Fe, V, Cr, Mn, Cu, Co), basic metals (like; In, Bi, Ga) or nonmetallic ele-
ments (such as; S, N, C, B), [12, 189, [190], rare earth elements (such as, La, Ce, Er,
Eu) to TiOy and TiO5 — based hetrostructures (like core-shell, alloying) [190, [191].
Among these, doping is the most effective due to the existence of oxygen vacancy
states that are below the conduction band. Additionally the anatase phase allows for
incorporation of impurities that generate donor and acceptors levels in the proximity
of the band gap to promote visible optical absorption. Titanium dioxide (titania)
is used for various applications, such as white pigment, gas sensor, corrosion pro-
tective and optical layers, solar cell, purification of the environment, photocatalytic,
biomedical, antibacterial, cosmetics, pharmaceutical, electronics device [7, [192] 193].
By considering the novel properties and potential /versatile applications into account,
efforts are being made for the synthesis of Bi-doped 70Oy nanoparticles by using
green synthesis method. Basic metal Bt is used to modify the photocatalytic activity

of T'iO4 through the following instances;
e can narrow the band gap of 770,
e inhibit recombination of photoinduced charges

e improve the C'O, adsorption ability.
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Large number of nanoparticles are synthesized from different parts of plants (like:
root, stem, leaf, fruit, flower), fungi, bacteria, yeast, algae, and enzymes extraction
[194, 195]. TiOy NP also synthesized from different part of plants for different ap-
plication, for instance; trigonella foenum-graecum [I86] for antibacterial application,
datura innoxia [196] for biological application, mangrove [192] for eco-toxic effect,
glycosmis cochinchinensis [16] for photocatalytic evaluation and antimicrobial prop-
erties, jatropha curcas [142] for photocatalytic degradation, bacillus amyloliquefaciens
[10] for photocatalytic activity.

Here, we synthesized Bi- doped pristine 770, NPs by using ginger extraction. To the
best of our knowledge till date, green synthesis of Bi- doped/undoped Ti0s nanos-
tructures from ginger extract solution for photocatalytic application is not reported.
Ginger has a scientific name of Zingiber Officinale Rosc, which is widely used as
cooking spice, traditional medicine around the world: like anti-nausea agent, to treat
bleeding disorders, rheumatism and vomiting, cough and colds, inflammation and
tumours [194]. Recent studies show that ginger has been used for the synthesis of
various nanoparticles [197] for certain applications.

The photocatalytic degradation of organic and inorganic pollutants using various
types of semiconductors has been studied by several researchers. The oxidative degra-
dation of adsorbed colored organic or inorganic molecules is due to the positive indi-
rect reaction of holes that are formed in the valence band of the semiconductor and
then migrate to the surface of the catalyst and are involved in reactions of interfacial
oxidation-reduction. The band gap was decreased, but on the scale of nanoparticles,
thus reducing the recombination process.

In this work, we report the enhanced photo-degradation application of Ti0Os NPs
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by doping with basic metal Bismuth and using green synthesis method. In this
investigation, we doped 3% and 5% of basic metal Bi into 7705 nanostructure. How-
ever, doping with more than this percentage of concentration the efficiency of photo-
degradation can be decreased due to the production of coexists of element with the
consumption of hole and electron. For further modifying the photodegradation effi-

ciency of Bi doped/undoped 70 nanocomposite we used ginger extraction solution.

8.2 Materials and Methods

8.2.1 Materials

The synthesis of Bi— doped and undoped T'iOs nanostructures (NSs) using green syn-
thesis method, was carried out with the following materials as is without further purifi-
cation; Titanium butoxide (Ti(OBu)y, 98%), Bismuth (I11) nitrate (Bi(NOs)s.5H50,
99.0%), fresh and healthy ginger as stabilizing and reducing agent, ethanol, and DI-

water.

8.2.2 Synthesis Methods

Preparation of Extracted Ginger Solution

Ginger was bought from local market of the People’s Republic of China (PR. China).
After removing the cover of fresh ginger, it was washed by DI water. 20 gm of this
sample was cut into small pieces and crashed by mortar and pestle. The fine crashed
ginger was added into 100 mL DI water and boiled until the color of aqueous solution
changed from watery to yellowish. Then the mixture was cooled to room temperature
and filtered with Whatman No. 1 filter paper. Finally, the extracted solution was

place under room temperature (RT) for further investigation.
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Green Synthesis of Pure 770,

The precursor of TiOy, Ti(OBu)s was added drop wise to the mixture of 50 mL
ethanol and 10 mL of extracted solution under constant stirring with pH = 5. The
solution was stirred for 2 hr and that leads to a change of color from watery to
yellow due to the presence of ginger extraction solution. After stirring, the solution
was centrifuged under 7000 rpm for 5 min and rinsed with ethanol and DI water
many times. Further dried overnight in an oven at 80 °C' and sintered in furnace
at 450 °C' for 2 hr. Finally, green synthesized Ti0, was grinded using mortar and
pestle; for use for further investigation in the next section. To compare the effect of
extraction solution, we synthesized TiOy without adding extracted solution using the
same procedure. In the next section of this Chapter, we denote the 1770, nanoparticles

prepared from chemical and green synthesis method as ‘CT’ and ‘G'T’, respectively.

Green Synthesis of Bi- Doped 170,

The procedure of green synthesis Bi doped 17705 using ginger extracted solution was
carried out as follow. 10 mL of Ti(OBu)4 (the precursor of Ti0,) and the required
amount (3% and 5% of Bi) of Bi(NO3)3.5H,0 was dispersed in 20 mL ethanol and
5 mL of ginger extracted solution. Both solutions were stirred using ultrasonic stirrer
for 20 min separately. Then the mixture of the two solutions were added drop-wise
into 50 mL of water under constant stirring. And then loaded into an autoclave for
hydrothermal treatment at 200 °C' for 5 hr. The result product was filtered using
centrifuge and washed with DI water several times. The filtered sample was dried

over night at 80 °C' and sintered at 450 °C' for 2 hr. Finally, after calcination the
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green synthesized Bi-doped 7Oy was ground using mortar and pestle for photo-
degradation study. To simplify the long notation, the samples synthesized from 3 %
and 5% of Bi are denoted as GB3T and GB5T, respectively.

8.2.3 Photocatalytic Degradation of Trypan Blue Dye

The photocatalytic performances of the green synthesized of Bi- doped/undoped 170,
were evaluated by the decomposition of trypan blue (TB) solution under visible light
with vigorous stirring. Trypan blue is one of the important toxic azo and direct dye.
It has been used extensively in the textile, food, and paints factory for dyeing and
coloring [198]; the release of this compound to the environment as a waste, pollutes
the environment. A 100 mL aqueous solution of trypan blue (10 mg/L) dye was
prepared in de-ionized water. 85 mg of Bi— doped/undoped TiO, nanoparticles was
suspended into the dye solution as photocatalyst. The solution was ultra-sonicated
for 30 min in dark place for proper homogeneity of the photocatalyst and to maintain
the absorption-desorption equilibrium and then we irradiated the solution by visible
light. The samples were withdrawn within 20 min interval and after the visible ir-
radiations the photocatalysts were removed from these solutions by centrifugation at
1200 rpm for 10 min. Thereafter, the absorption spectra of the samples were taken
by using UV-Vis spectrophotometer in the wavelength range of 350 — 800 nm and DI
water used as reference medium.

The degradation rate was calculated using Eq. (6.2.1)); where C; is the primal con-
centration of TB solution before irradiation and C}) is the concentration of TB at

different visible light irradiation time.
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8.2.4 Characterization Techniques

X-ray diffractometer (XRD) (PANalytical X-pert® powder) was used to identify the
crystalline phase and to estimate the crystallite size. The size and morphology was
characterized by field emission scanning electron microscope (SEM) (FE-SEM, Nova
Nano SEM 450). The optical properties of absorption and photocatlytic response
of the composite were measured by ultraviolet - visible spectrophotometer (UV-
Vis) (UV-3600 plus, Shimadzu), the physical state and elemental composition of the
composite were investigated by X-ray photoelectron spectroscopy (XPS) (ESCALAB
250Xi), and phase shift and absorbance were characterized by Fourier transform in-
frared spectroscopy (FT-IR) (Shimadzu FTIR-8400S). All the measurements were

carried out at room temperature.

8.3 Results and Discussion

8.3.1 XRD Pattern Analysis

X-ray diffraction (XRD) analysis was performed using powder X-ray diffractometer,
using Cu Ka radiation (A = 1.540598 A) and was working at 40kV/40mA. It has
been used to characterize and determine crystallinity of the as prepared powder.
The XRD pattern of the chemically synthesized T70Oy and the green synthesized of
Bi-doped/undoped TiOy nanoparticles are shown in Fig. The peak position
of Bi- doped/undoped T'iOy NPs for both synthesis methods is almost the same,
but, the intensity of the green synthesized 770y nanoparticles is larger than the
other nanoparticles synthesized by chemical and green synthesis methods. We can
observe that for the calcination of 450 °C', the formation of single phase and crystalline

anatase. In the synthesis section, we kept the calcination temperature below 500 °C' to
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get anatase crystalline, above this calcination temperature the anatase phase will lose
its intensity and the rutile phase will rise at different position. It is clearly found that
the prominent diffraction peaks 260 of 25.29°, 37.92°, 48.08°, 53.96°, 55.12°, 62.73°,
68.88°, 70.19° and 75.26° correspond to (101), (004), (200), (105), (211), (204), (116),

(220), and (215) crystal face of anatase TiO,. Additional peaks are not observed after

Intensity (a1,
i
——
L

Z2a(Deg.)

Figure 8.1: XRD pattern of Bi— doped/undoped 7O nanostructure using green
synthesis and chemical synthesis route.

doping Bt NP; the peaks associated with Bi: NP are not observed, i.e., dominated
by Ti0Oy NP. The crystalline structure of nanoparticles is strongly related to the
sharpness and width of peaks. The size of nanoparticle is inversely proportional to
the width of the peak i.e., as the width of the peak increases, size of the nanoparticles
decreases, which represents the presence of material in nonoscale. The crystallite
size of nanoparticle is calculated by using Scherrer’s formula, Eq. . By the
help of this equation, the average crystal size of chemical synthesized T705 and green

synthesized TiOy NP is 17.13 nm and 17.33 nm, respectively. And also the average
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crystal size of Bi— doped 17905 is 16.57 nm for GB3T and 15.53 nm for GB5T.
The lattice constants a and c related to the spacing dyy for tetragonal structure of

T'i0O5 have been calculated according to Eq. (8.3.1)).

I A A
and c= (8.3.1)

=0= "5 sin(6)’

According to the above Eq. (8.3.1) the average lattice constants are a = 0.24 nm

and ¢ = 0.42 nm for chemically synthesized, a = 0.24 nm and ¢ = 0.41 nm for green
synthesized 770y and a = 0.23 nm and ¢ = 0.40 nm for both GB3T and GB5T.
And by using Eq. 3.3.1], the spacing of Bi- doping and undoping 7705 at each Miller
indices are summarized in Table [R.1l

The defect level of the given nanoparticles/nanocomposites is determined from the

Table 8.1: Spacing and Miller indices of Bi- doped/undoped TiOy NPs.

hkl | CT, dp (A) | GT,dp (A) | GBsT, dige (A) | GB5T, dpp (A)
101 18.48 18.86 10.24 10.24
004 10.33 10.54 5.73 5.73
200 10.33 10.54 5.73 5.72
105 7.67 7.83 4.25 4.25
211 7.67 7.83 4.25 4.25
204 7.31 7.46 4.05 4.05
116 5.96 6.09 3.31 3.31
220 5.96 6.09 3.31 3.31
215 5.68 5.79 3.15 3.15

crystal size. The crystal imperfection or defect presence in the synthesized nanopar-
ticle/nanocomposite was calculated by dislocation density (6) and it is estimated by
the following relation:

§=1/D? (8.3.2)
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where D is the crystallite size of the synthesized materials. The dislocation den-
sity 0 of chemical synthesized, green synthesized 770y NPs, GB3T and GB5T are
3.41 x 1072 (nm)~2, 3.33 x 1073 (nm)~2, 3.64 x 1072 nm =2 and 4.15 x 1073 nm=2,

respectively.

8.3.2 SEM Analysis of Bi- Doped/Undoped 770,

The morphology of the green synthesized Bi- doped/undoped TiO, nanoparticles
confirmed by nano nova scanning electron microscope (NN-SEM). As shown in Fig.
, the morphology of the particle is changed from 3D nanodot (nanosphere) to
nanosheet when the dopant B7 concentration is increased. Nanostructures which

have nanosheet morphology are recommended for photocatalytic application.

8.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The presence of functional groups and the binding property of the Bi- doping and
undoping green synthesized 72O nanoparticles were determined by Fourier transform
infrared spectroscopy (FT-IR) and were recorded in the range of 400 — 4000 cm ™!
as shown in Fig. 8.3l As depicted in figure, the absorption band appears between
the frequency region 400 — 1200 ¢m™! corresponding to 7% — O — T4 bond. The
absorption peak around 3431.74 em ™" is due to the presence of OH group. The slight
shift of the peak position confirms the successful incoporation of metal Bi in TiOy

nanostructures and the interaction between 7705 and the extraction solution.
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Figure 8.2: SEM image of Bi— doped/undoped 7O, nanostructure using green
synthesis and chemical synthesis method.

8.3.4 Chemical Stability of Bi- Doped 770, Nanoparticles

The X-ray photoelectron spectroscopy (XPS) spectrum was obtained to study the sur-
face composition and chemical states of green synthesized Bi-doped 1705 nanopar-
ticles. The survey XPS spectrum of the nanocomposite verified the existence of
elements; Bi, Ti, and O as shown in Fig. [8.4] (a). All binding energies of all elements

were referenced to the C' 1s peak at 284.60 eV of surface adventitious carbon. As
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Figure 8.3: FT-IR spectra of Bi- doping and undoping green synthesized 10Oy
nanostructures.

illustrated in Fig. [8.4(b), the binding energies are 464.50 ¢V and 458.70 eV corre-
sponding to spin-orbital spectrum of T% 2p for T 2p;/, and T 2ps/s, respectively.
The Bi 4f XPS line (Fig. [8.4(c)) shows peaks centered at 164.55 eV and 159.25 eV
corresponding to the binding energy of Bi 47/, and Bt 4 f5/2, respectively, indicating
that the main chemical state of Bi in the composite was Bi** in this confirmation of
the incorporation of the Bi in the lattice of T7Oy and with this charge state where
does it sit since T has a valence of +4. As depicted Fig. m(d), O 1s peak could be
divided into two different peaks at 529.93 eV and 531.02 eV. The first peak is due to
the bond of T% — O and in the crystal lattice of T70O,, whereas the second originates

from the Bi — O bond.
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Figure 8.4: The survey scan XPS spectrum of (a) GB5T and GB3T, (b) high
resolution XPS spectra of GB5T T% 2p and GB3T Ti 2p, (¢) GB5T Bi 4f and
GB3T Bi4f, and (d) GB5T O 1s and GB3T O 1s.

8.3.5 UV-Vis Analysis

UV-Vis spectrum was used to analyze the optical properties of the photocatalyst. The
optical absorbance of Bi- doped/undoped TiOy nanoparticles analyzed using UV-Vis-
NIR spectroscopy in the wavelength range of 200 — 800 nm at room temperature and
the absorbance was replotted using micro cal origin 8.5. As shown in Fig [8.5(A),
the absorption band of green synthesized Bi- doped/undoped 77O, nanopaprticles is

red-shifted relative to the chemically synthesized Ti0O,, which clearly indicated the



132

narrower band gap.

The band gap energy of green synthesized Bi- doped/undoped 7Oy nanostructure
was determined by using Tauc model according to Eq. , while taking n = 2
since the anatase phase is an indirect band gap semiconductor [190], 200].

The band gap energy of green synthesized Bi- doped/undoped TiO; nanoparticle
can be determined by extrapolating the curve drawn between the incident photon

1/2 as depicted in Fig. [8.5| (B). The band gap energy obtained

energy (hv) and (ahv)
by extrapolating curve to a = 0 is found to be approximately 3.00 eV, 2.93 eV,
2.81 eV and 2.76 eV for C'T', GT, GB3T and GB5T, respectively. These variations
are mainly due to ginger extraction solution and the substitution of T%** by basic
metal ion Bt in the structure of anatase titania nanoparticle, which makes it an
effective degradation of dye. The photocatalytic activity is increased under visible

light as the band gap is reduced and then produce more electron-hole pairs under

visible light.

8.3.6 Photocatalytic Activity

Under the irradiation of visible light, the degradation of trypan blue dye in the green
synthesized Bi- doped and undoped 7%, nanoparticles was studied. The UV ab-
sorption of 170, is shifted to visible absorption by doping narrow band gap metal B
and by modifying the surface of 7Oy with help of ginger extraction solution. The
result obtained is shown in Fig. 8.6 As shown in this figure (Fig. (A)), visible
light absorption of green synthesized 70, is enhanced than chemically synthesized
due to the surface modification of T70,. And also by doping Bi, the photocatalytic
degradation of 7705 is further enhanced with increasing the concentration of doped

material. But, above this concentration of Bi the photo-degradation is decreased and
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Figure 8.5:  Optical absorbance (A) and band gap energy (B) of Bi- doping and
undoping green synthesized 17O, nanostructures.

its photocatalytic performance can be diminished for visible light.
T vacancies were more dominant than the oxygen vacancies due to the presence of
Bi. So, increasing T'i vacancies accompanied by oxygen vacancies could be responsi-
ble for the degradation process. According to this study, it can be concluded that the
photocatalytic activity of TiOs NPs increase with dopant Bi, surface modification
and increasing oxygen defect. The reaction between conduction-band electron and
oxygen in the solution could generate the reactive oxygen species (ROSs) which is
responsible for the color decolorization.
The photocatalytic elimination of TB with Bi— doped/undoped TiOy NPs is ex-
pressed by the pseudo-first-order kinetic formula as written in Eq. .

From the logarithmic equation, Eq. , the photocatalytic activity is obtained
from the graph of in(Cy/C}) versus t as depicted in Fig. (B). The degradation rate
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Figure 8.6: Efficiency of photo-degradation (a) and the photocatalytic activity (b)
of green synthesized Bi- doped/undoped 71Oy nanostructure versus irradiation time.

of our sample is the slope of the fitting curve (i.e., k). The photocatalytic activity
of green synthesized TiO, (0.01239 min~') and GB5T (0.03461 min~") is around 3
times and 10 times of chemically synthesized T70y NP (0.00355 min~1), respectively.
Figure [8.7, schematically explains the mechanism of photocatalytic process on Bi —
TiOy nanoparticles. In the dark, by dispersing Bi — T'iOs nanoparticles in the TB
solution, the surface electrons of the T9W0, nanoparticles were transferred to the TB
dye. The valance band electrons (e~) in these nanoparticles under visible light radia-
tion with the photons of energy greater than or equal to 79Oy band gap (E,), can be
excited to the conduction band producing equal number of holes (A1) in the valance
band, simultaneously. Because the conduction band energy level of 79O, nanoparti-
cles is higher than that of the Fermi level of Bi — Ti0Oy nanoparticles, electrons can
flow from T%0, nanoparticles to B? nanoparticles. So, oxygen vacancy defects and

Bi nanoparticles on the surface of T70O, nanoparticles trap electrons and prevents the
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recombination of e~ — bt pairs. Also, visible light radiation excites the dye molecules
(TB to TB*). These TB molecules transfer electrons to the conduction band (CB) of
TiOy (TB™ to CB of TiO3) and the Fermi level of Bi (T'B* to Bi). CB electrons re-
act to produce superoxide radicals (eO; ) with dissolved oxygen in the solution, while
the valence band (VB) holes react with hydroxide ions for the creation of hydroxyl
radicals (eéOH) [201]. Both of these radicals are responsible for the decolorization of
TB dye [154]. Also, the energy barrier of the Bi — TiO, junction prevented electron-

hole recombination to separate photo-generated charges, effectively.

Figure 8.7: Schematic mechanism of photocatalysis process on Bi — 17Oy nanopar-
ticles under visible light irradiation.
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8.4 Conclusion

The photocatalytic response of green synthesized Bi- doped/undoped 7705 nanopar-
ticles is investigated by using ginger extraction solution and the photocatalytic perfor-
mance was tested by the degradation of trypan blue dye under visible light radiation.
The green synthesized Bi- doped/undoped TiO, nanostructure was characterized by
X-ray diffraction, scanning electron microscope, FT-IR spectroscopy, UV-Vis-NIR
spectroscopy, X-ray photoelectron spectroscopy, and the photocatalytic application
characterized by UV-Vis spectroscopy. The photocatalytic activity as well as the
band gap energy of Ti0, modified by ginger extraction solution and doping with Bi.
The photodegradation of green synthesized 7705 (76.66 %) is more enhanced than
chemically synthesized (37.63 %) and further enhanced by doping basic metal Bi
(98.34 %). The band gap energy is also found to decrease from 3.00 eV to 2.93 eV
and 2.76 eV by using ginger extraction solution and by using both ginger extraction

solution and Bi- doping, respectively.



Chapter 9

Conclusions and Future Work

9.1 Conclusions

In this dissertation work, we investigated theoretically, numerically, and experimen-
tally the optical, plasmonic, and photocatalytic properties of various types of com-
posite nanostructures. The plasmonic and optical properties of ZnOQAg spher-
ical and spheroidal core-shell composite nanostructures are studied by employing
the electrostatic-approximation by varying the parameters: core size, shell thickness,
composite size/shape, and dielectric function of host medium. By varying these pa-
rameters, the plasmonic and optical properties: like: polarizability, refractive index,
optical absorbance, absorption cross-section, and radiation efficiency are enhanced.
Due to geometrical effect, the plasmonic responses for spherical and spheroidal com-
posite is different; two plasmon resonances are observed corresponding to ZnO/Ag
and Ag/host-medium interface, but, for spheroidal geometry additional two plasmon
resonances are observed correspond to bonding/antibonding pairs due to separation
of charges in the composites along the principal axes. The results obtained in this
work may be utilized in various applications such as sensors, solar cell or photovoltaic

technology, photocatalysis, and optoelectronics devices.
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Zn0O nanoparticle is synthesized by three different preparation techniques: sol-gel,
rapid thermal decomposition, and green methods for photocatalytic application. The
photodegration efficiency of the sample with absorbed methyl orange dye is different
due to their band gap, morphology, electron-hole recombination rate. The morphol-
ogy of ZnO nanoparticles prepared by green synthesis (biological route) is spherical
in shape and very small in size.

The triple layered Zn0OQSi0O;@QAg cylindrical core-shell composite nanostructure
were prepared by employing three synthesis techniques: rapid thermal decomposition
(to prepare core material, ZnQO), Stoeber (to prepared inner core-shell, ZnOQSiO,)
and precipitation (to synthesis final product, ZnOQSi0O,@Ag) for photocatlytic ap-
plication. The photocatalytic performance of the prepared composite nanostructures
was investigated by the decomposition of methylene blue solution. Due to the effect
of combination, the composite is excellent for photodegradation, chemically stable,
reusable, and optical absorbance.

Finally, the photocatalytic response of 7O and Bi- doped/undoped TiOs is investi-
gated and prepared by using green synthesis route (using ginger extraction solution)
and chemical synthesis route. The photocatalytic activity of the synthesized sample
is tested by trypan blue dye. The photocatalytic activity associated with band gap
energy of T105 is enhanced by ginger extraction solution and doping basic metal B1
in the structure.

The prepared samples were characterized by X-ray diffraction (XRD) spectroscope,
scanning electron microscope (SEM), transmission electron microscope (TEM), ultra-
violet visible (UV-Vis) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy,

X-ray photoelectron spectroscopy (XPS).
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9.2 Future Work

The plasmonic and optical properties of core-shell composite nanostructures are not
only dependent on the core size, shell thickness, composite size, composite shape, and
host medium, but also depend on the material of the constituents, number of layer,
and core shape. In addition, the photocatalytic properties of various types of com-
posite nanostructures are investigated using green synthesis and chemical synthesis
routes. However, these investigations have several topics that remain unsolved and
further investigations need to be completed in order to produce quality materials.

Therefore, our general future work should include:

e Plasmonic response of core-shape dependent ZnO@Ag core-shell spherical, spheroidal,
and cylindrical composite nanostructures embedded in passive and active host

medium.

e Optical /plasmonic properties of multilayered ZnO@Ag based core-shell com-

posite nanostructures.

e The effect of concentration of extraction solution on the photocatalytic activity

of ZnO nanoparticles.

e Photocatalytic response of triple layered ZnO@Si0O,@QAg core-shell compos-
ite nanostructure with different morphology and different concentration of the

constituents.

e The photocatalytic application of Bi doped Ti0O, based core-shell composite
nanostructures with different concentration of extraction solution, dopant, core,

and shell materials.
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