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Abstract

Metal oxides (MOs) nanostructures represent new class of materials which have been
explored for various applications such as solar cells, sensors, fuel cells, microelectronic ¢ircuits,
photocatalysts, antibacterial agents and piezoeléctric devices due to their unique physiochemical
properties, MOs nanostructures have changed. or enhanced characteristics in contrast to_their bulk
counterparts. Various physiochemical properties of MOs nanostructures are hugely dependent on
their particle size and shape. Fabrication of MOs nanostructures with strict control over the
above mentioned parameters, exploration of their unique physiochemical characteristics and

applications have aitracted enormous interest in various fields of science and technology.

In this thesis, first of all different MOs nanostructures such as ZnQ, CuQ, Sn0O; and CeO,
have been synthesized by chemical co-precipitation technique and characterized by XRD, SEM,
FTIR and UV-visible spectroscopy analysis. XRD results reveal the single-phase formation of
all MQOs. Spherical nanoparticles are observed in case of ZnO, SnO; and Ce(, samples, while
hierarchal nanostructures are observed in case of CuO sample. The average paﬁicle sizes
obtained from SEM images are 25 nm, 28 nm and 30 nm for ZnO, SnO; and CeO:
nanostructures, respectively. The antibacterial characteristics of four different MOs
nanostructures against E. coli bacterium has been assessed by agar disc method. The order of
antibacterial activity for different MOs nanostructures is found to be the following:

ZnO>8n0y>Ce03>Cu0,

Among these, the most efficient antibacterial agent ZnO has been selected and an effort is
made to tailor its various physical properties by tuning its morphology, particle size and selective

chemical doping in order to enhance its antibacterial potency. Sn,ZnQ1., (Where x =0, 0.02, 0.04
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and 0.06) nanostructures have been prepared via co~precipitation meth0d. The detailed study has
depicted the prepared SnZnO,., samples have hexagonal wurtzite structure. The shift in the
main diffraction peak (101), increase in the particle size, modification in morphology, and
tailoring in the excitation absorption peak with increases in Sn concentration into ZnO clearly
demonstrate the successful substitution of Sn dopant into the host matrix. It is observed from the
antibacterial tests that Sn doping enhances the antibacterial activity of ZnO nanostructures. It is
found that shape and size of ZnO nanostructures along with the percentage Sn dopant remarkably

manipulate its antibacterial potency.

In the next step, Ag,ZnOyx (Where X = 0, 0.02 and 0.04) nanorods have been prepared via
chemical route and their structural, morphological, Raman, optical properties and antibacterial
activity are studied. Structural analysis has revealed that Ag doping cannot deteriorate the
structure of ZnQ and wurtzite phase is maintained. Scanning electrﬁn microscopy results have
demonstrated the formation of ZnO nanorods. These nanorods have observed to have average
diameter of 96 nin and length of 700 nm, respectively. Raman spectroscopy results suggest that
the Ag doping enhances the number of defects in ZnO host matrix. It has been found from
optical study that Ag doping results in positional shift of band edge absorption peak. This is
attributed to the successful incorporation of Ag dopant into ZnO host matrix. The surface defects
have been observed to play major role to enhance antibacterial activity of Ag doped ZnQO

nanorods as compared to undoped ZnO.

Moreover, NixZnQy.x (where x =0, .02, 0.04 and 0.06) nanorods have been synthesized
via same procedure as used for the synthesis of Ag,ZnQy nanorods. It has been found that
though Ni dopant is not able to alter the wurizite structure of ZnO nanorods but strongly
influence the length and diameter of the nanorods. Raman spectroscopy results show that the

wiii




E(O phonons mode band shifts to the higher values with Ni doping, which is attributed to large
amount of crystal defects. Ni doping is also found to tune the optical properties of ZnO nanorods.

Ni doping has also greatly enhanced the antibacterial potency of ZnO nanorods.

Finally, CuQO nanostructures doped with Ce at different concentration levels have been
synthesized via a simple co-precipitation technique. Structural studies exhibit the presence of a
monoclinic structure of CuO for Ce,CuO,., (where x = 0, .02, 0.04 and 0.06) samples without
any additional impurity phases. SEM images have revealed the rod-like morphology with an
average diameter of 30 nm for undoped CuQ. The optical band gap of CuO has been observed to
be decreased with doping which is assigned to the integration of the impurity band with the
conduction band of CuQ. The Ce doﬁing induced effects on the antibacterial activity of the
prepared CeyCuQO)x nanostructures have been examined by recording the growth curves of
bacteria in the presence of prepared nanostructures. It has been observed that S. aureus bacterium

may be completely eradicated by the use of Ce doped CuO nanostructures.

The cytotoxicity analysis of all the prepared nanostructures has shown that the
synthesized nanostructures are biocompatible and non-toxic towards the human cell line SH-
SYSY cells. The bio-safe and biocompatible nature of the synthesized nanostructures along with
the tunable optical properties and significant antibacterial.potency make thenﬁ potential for

various applications in industrial, environmental and health gector.
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Chapter No. 1
Introduction

1.1 Introduction Metal Oxides (MOs)

MOs play very critical role in many fields of science and technology such as Physics,
Chemistry, Material Science and Engineering and Medicines. Metal elements are able to make
chemical bond with oxygen and form oxidic compounds which can exhibit conductor,
semiconductor or insulator distinctiveness. In these days, MOs are widely used in the fabrication

of solar cells, sensors, fuel cells, microelectronic circunits, as a catalyst and piezoelectric devices

{1-6].

Nanotechnology is an emerging and most growing field of science and technology. At
nanoscale, the main goal is to fabricate nanostructure materials, which have particular and extra
ordinary propetties as compared to those bulk forms [7-10]. Nanostructures of MOs can
demonstrate unique physical and chemical properties because of their nano scale size, high
surface to volume ratio of atoms and edge effect [8-10]. The nanostructure size can influence

following three major set of characteristics in any MOs;

First of all, scaling down of MOs from bulk to nanoscale influences their structural
properties such as lattice parameters and its symmetry. In bulk form, most of the MOs have
usually stable and dynamic crystallographic structures. However, when MOs are scaled down to
nanoscale, their surface energies and stress in the lattice may increase dramatically leading to
thermodynamic instability. This thermodynamic instability can induce modifications in cell
parametess and structural alterations. In some cases, due to extremely high surface free enérgy

MOs nanoparticles interact with the immediate environment and disappear completely. The
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nanostructures (nanoparticles, nanowires, nanorods etc,) must have smallest .amount of surface
free energy {o sustain structural stability, With the purpose of fulfilling this criteria, some of the
phases with lower stability in bulk form transforms into highly stable phases at nanoscale. For
example, Palker et al., have observed lattice distortion and enhancement in unit cell volume of
CuQ upon scaling it down to nanoscale from bulk because crystal symmetry leans to increase
and a phase transition from low symmetry monoclinic structure of CuO to the high symmetry
cubic structure with the decrease in particle size has been found [11]. Similarly, lattice expansion

is also found in CeQO: and ZnO nanostructures [1 2., 13].

Secondly with decreasing particle size, more and more atoms are accommodated on the
surface which leads to higher surface area of MOs nanostructures. The presence of more atoms
on the surface makes MOs nanostructures highly chemically reactive because more atoms are
available for a chemical reaction on the surface. Study on particle size and chemical reactivity of
ZnQ demonstrates inverse refationship between them {14]. ZnO having smallest particle size

shows maximum chemical reactivity. The particle size reduction may also lead to formation of

edges (under coordinated atoms) and oxygen vacancies in metal oxides. Jonathan E. Spanier et

al; studied bulk and nanostructure ceria with varying particle sizes with the help of Raman
spectroscopy [15]. They observed formation and enhancement of oxygen vacancies in the crystal

structure of ceria with decreasing particle size from 5 pm down to 6.1 nm.

Thirdly, at nanosacle quantum confinement effects may arise in metal oxides. These effects
arise when particle size is comparable to the Bohr exciton radius of MOs. In this case, electrons
in MOs can feel the presence of particle boundaries and respond by changing their ¢nergy.
Quantum confinement effects lead to enhancement in excitonic transition encrgy and widening

of MOs band gap. The idea of this effect was first introduced in 1982 in order to explain the shift
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in the absorption peak of CuCl with decreasing particle size [16]. The relation deduced for band

gap energy (Ep) of a nanoparticle having radius R was as follows;

Ey(R) = Ey(o0) + 2 .o

Where | is the reduced mass of electron hole pair. This relation demonstrates that expansion of
the E; is arising from the kinetic energy of electron hole pair secparated by distance R. This
relation was further modified by the inclusion of Coulomb interaction of electron hole pair and
spatial correlation energy Ey functions. The modified form after simplification is as follows [17,

18];

E,(R) = Ej(o0) + 20 179 4 02848, (12)

2uR? Er

This relation with inclusion of diclectric constant (g} and the reduced mass (p) functions
demonstrates that E; expansion at nanoscale is dominated by both kinetic and potential energies
of electron hole pair. This theory predicts an inverse square relation between E; and particle size
R. This holds very well for some MOs such as Fe;yO; [19] and CdO [20] but fails for others such
as ZnO, CeO; and SnO; ete [21-23] which suggests that this theory over estimates the E,
expansion. The theory was later further modified to a relation E; «< R™" (where n vary material

to material) [24].

Such effects are experimentally observed in ZnO, CuO, Sn0; and Ce(, nanostructures [21-23,
25]. In bulk form, CuO has direct band gap energy of 1.2 eV which increases up to 2.1 eV at
nanoscale. Even some researchers have reported band gap energy of 4.13 eV for CuO quantum

dots having particle size of 10 nm [25].




1.2 Ceria (Ce0Q;)

Ce0; is one the most important and abundant amongst all the rare earth MOs. It has a
wide band gap (3.2 €V) and large free exciton binding energy (58 meV) at room temperature
with cubic fluorite crystal structure. CeQ; is only soluble in some of the strong acids while
completely insoluble in water. It has capability to absorb minute quantities of water molecules _
and CQ; from surrounding environment. Furthermore, it demonstrates high oxygen storage
capability and strong absorption of ultraviolet (UV) radiations {26, 27]. Due to these tremendous
properties, CeQ; is vastly explored for applications in various fields such as solid oxide fuel
cells, UV filters, gas sensors, antibacterial agents, targeted drug deliver, photocatalytic activities
and automotive exhaust cataiysts [ 28-32]. CeO; is also used in MOs semiconductor devises as a
luminescent material and phosphor material containing both activator and hosts [33, 34). But, the |
efficiency of CeO; in thcsc. applications is limited by several problems such as surfacc. area,
morphology, particle size and crystalline quality [35]. It has been discussed in the previous
section that at nanoscale MOs possesses unique physiochemical propei'ties as compared to their
bulk counterparts. Hence, synthesis of Ce(Q; nanomaterials and their applications are highly

desirable,

1.3 Copper Oxide (CuQ)

CuQ is a narrow band gap semiconductor having monoclinic crystal structure. Being a
simplest member of the copper compounds family, CuQ has aMted enormous amount of
interest, because of its tremendous physical properties likewise narrow band gap, spin dynamics,
high temperature superconductivity and electron correlation effects [27, 28]. Furthermore, CuO
is an important p-type semiconductor having diverse applications_in solar energy conversion,
High Tc superconductors, gas sensors, lithium ion battcrieﬁ and. CO reduction [36]. Due to
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narrow optical band gap, CuQ is also extensively used in photocatalytic, photovoltaic and
photoconductivity applications [37). By decreasing particle size and controlling morphology of
CuO, it may show changed or enhanced properties as compared to those of bulk counterpart.
Moreover, CuQ nanostructures with high surface area, outstanding stability, cost effective
synthesis and good optical and electrical properties could effectively be used to enhance the

performance of above mentioned functionalities [38].

1.4 Tin Dioxide (Sn0;)

SnQ; is a broad band gap (3.8 V) semiconductor having rutile type crystal structure.
Sn(; is normally regarded as oxygen deficient n-type semiconductor material. It is one of the
most important MOs because of its tremendous properties such as low electrical resistance,
highly transparent in visible range of electromagnetic spectrum, wide energy band gap, chehlical'
and mechanical stability and sensitivity towards variety of gases [39, 40]. SnO; is widely used in
MOs based gas sensors, photo-catalysis, as an anode material in lithium ion batteries bulk
ceramics, pigments and transparent electrodes [41-45]. On the other hand, mostly
physiochemical properties of SnO; material depends various structural parameters such as
particle size and aspect ratio. For example performance of Sn(, based gas sensors strongly
depends on these parameters [46]. Similarly, photocatalytic and antibacterial activity of SnQ; is
also critically dependent on particle size [47]. Various research groups suggested that specific
surface of SnO; ¢ould be enhanced remarkably by bringing it to down to nanoscale [48]. Hence,
it is highly demanding to develop an easy approach for the synthesis of SnO; hanomaterials and

thereafter its applications.

1.5 Zinc Oxide (Zn0)




ZnO is most common and widely studied material in the field of science and technology
due to its unique properties; such as wide band gap energy (3.37 eV), electrical and thermal
stability, large exciton binding energy (60 meV), biccompatibility and biosafety [41]. Zn0O
crystallizes in stable wurtzite structure having lattice constants a {3.25 A)and ¢ (521 A). Duc to
these tremendous properties ZnO nanostructures are widely used in electronic and optoelectronic
devices, sensors, solar cells, antibacterial coating, UV protectors and targeted drug delivery [49-

53]. As main focus of the thesis is on ZnQ, so it will be discussed in detail.

1.5.1 Structure :
ZnO crystallizes in three different crystal structures; zinc blende, rock salt and wurtzite

depending on conditions provided for crystallization. All the three crystal structures are
illustrated in figure 1.1. The most thermodynamically stable crystal structure for ZnQ is wurtzite
under ambient conditions [54]. Zinc blende structure of ZnO could be obtained by growing it on
cubic crystal surface, while rock salt structure could only be achieved ﬁnder high .prcssure

environment [55].

ﬁﬂne.wn. p o *;ﬂﬁ‘-".: K . v
{a) wurtzite (b) Zinc biencle :

Figure 1.1 Different crystal structures of ZnO [56]




ZnO usually crystallizes in wurtzite crystal structure having lattice constants 2 =b = 3.25 A and
c = 5.12 A. The ionic bonding between zinc (Zn) and oxygen (O) is possible due to the huge
difference of the electronegativities of Zn (1.65) and O (3.44). In wurtzite crystal structure,
number of Zn and O surfaces is stﬁcked altématively along the c-axis. Each Zn atom is
tetrahedrally coordinated to four O atoms as shown in figure 1.1 (a). ZnO wurtzite crystal
consists of both polar and non polar surfaces. The cations (Zn*") and anions (0“"') can take such a
configuration that some of the surfaces are completely terminated with Zn®* or O giving the
positively or negatively charged surfaces, respectively. And the resulting charged surfaces are
known as polar surfaces [56]. The electric charges on these polar surfaces are fixed, which
cannot be transferred or altered. The interactions of these charges depend on their distribution
over the surfaces. The structure of the ZnQO is arranged in such a conﬁguratioh that it maintains
minimum electrostatic energy. The polar surfaces control the various physiochemical properties.
of Zn0O. ZnO wurtzite crystal also has non polar surfaces comprising same number of Zn** and
O* ions. Non polar surfaces of ZnO generally have lower surface energies than polar surfaces..
Paticle size and shape of ZnO nanostructures can be tailored by varying the growth rate along

polar and non polar surfaces.

1.5.2 Physical properties of ZnO
Some of the basic physical properties of bulk ZnO are summed up in table 1.1. Various

physical properties of ZnO change significantly at nano scale due to significant enhancement in
the surface area, dominant quantum confinement effects and higher surface states etc. For
example lattice expansion and contraction with variation in particle size has been reported
previously and attributed this to variation in electrostatic forces due to surface dipoles [12].
Furthermore, laftice constant values approach to that standard bulk values as particle size

increase [57)]. Similarly, optical band gap energy of ZnO nanostructures varies from 3.4 eV to
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3.6 eV depending on particle size which is higher than that of bulk ZnO value of 3.37 ¢V [58].
This widening of the band gap may be understood quantum confinement effects perspectiveas
discussed earlier in section 1.1. Particle size also influences the refractive index of ZnO due to
the decrement .in compactness and crystalline quality of nanostructures as compared to their bulk
counterparts [39]. Furthermore, refractive index is also related with band gap energy of ZnO
therefore variation band gap energy as a function particle size will lead to variation in refractive
index values [60]. Electrical characteristics of nano ZnO such as électron mobility and
concentration may vary from that of bulk counterparts due to their surface area and presence of
oxygen vacancies on the surface which may react with atmospheric molecules and change their

electric response [61].

Table 1.1: Basic physical propertics of wurtzite ZnO at room temperature [62-64]

¥ A

Lattice constants | a=b=324,c=5.24

Melting point 1977 °C
Dielectric constant 8.6
Optical band gap energy 337V
Exciton binding energy 60 meV
Electron mobility 210 em*/Vs
Refractive index 2.02
Molecular mass 81.39 g/mol




1.5.3 Vibrational properties of ZnO
The exact knowledge of the vibrational properties of ZnO is essential for understanding

of its various physical properties. Various techniques such as Raman and infrared (IR)
spectroscopy are being utilized for long time to analyze the vibrational propertics of ZnO [65-
68). ZnO crystal has different vibrational modes i.e. Raman active modes, IR active modes and

optically inactive modes. Wurizite ZnO crystal has 4 atoms per unit cell i.e. s = 4 and hence 12

total phonon modes (Total modes = 3s) [56]. ZnO has 1 and 2 longitudinal acoustic (LA} and

transverse acoustic (TA) modes, respectively. Furthermore, wurtzite Zno crystal has 6 transverse
optical {TO) and 3 longitudinal optical (LQO) phonon modes. Raman and IR spectroscopy are
usually being used to probe the some zone boundary and zone center phonon modes of ZnO
crystal. The group theory foresees 8 set of phonon modes ie. 24, + 2E, + 2B, + 2E, for
wurtzite structure of ZnO. One A; and one E; modes are acoustic modes whereas the remaiqing
6 are optical modes. The typical Raman spectra of bulk ZnQ at room temperature are shown in
figure 1.2. In this figure, the solid lines represent first order_phonon modes of ZnO while dashed

lines represent vibrational modes featured due to the multiple phonon scattering processes.
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Figure 1.2 Typical Raman spectra of bulk ZnO obtained at room temperature [69)

The vibrational modes of ZnO are extremely sensitive to dopants, defects (such as Zn
interstitial and oxygen vacancies etc) and strain [70]. Various. authors have reported shift in the
Raman modes at nanoscale which is attributed to defects creation [71]. Hence, important
information about ZnO nanostructures can be extracted from the analysis of the position and
broadening of the Raman and IR peaks.

1.5.4 Optical properties of ZnO

ZnO is a direct wide band gap (3.37 eV) semiconductor which makes it potential material
for photonics applications. ZnO also has large exciton binding energy {60 meV) wilich can
ensure efficient excitonic emission at rcom tcﬁlpcraturc. Thus, optical properties of ZnQO are of
immense interest for exploring its potential applications. Optical properties of ZnQO Iare widely

investigated through various techniques likewise; ultraviolet (UV)-visible absorption
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spectroscopy, photoluminescence spectroscopy and cathode-luminescence spectroscopy .etc. The
optical properties of ZnO can be originated due to both infrinsic and extrinsic effects. When
optical transitions are triggered between electrons in the conduction band and holes in the
valance band then such transitions are known as intrinsic optical transitions. lﬁtrinsic optical
transitions also include excitonic effects due to coulomb effects. The excitons may be
categorized into two groups i.e. free excitons and bound excitons. Bound excitons are normaily
linked with dopants and defects which govern the extrinsic optical transitions. The dopants and
defects can generate extra discrete energy states in the ZnQ band gap, which strongly affect the
optical propetties of ZnO. These defects are categorized into two major groups: intrinsic defects
and exirinsic defects, The intrinsic defects are related to crystal imperfection involving only the
cations and anions. The intrinsic defects are further divided into groups i.e. the Franklin dcfoéts
and the Schottky defects. The defects created when an anion or cation is removed from its nativé
site and pushed into interstitial sites are called the Franklin defects. But the defects created when
an anion or cation is completely removed from its native site leaving a vacancy are called the
Schottky defects. The extrinsic defects are those which are created by impurities and dopants.
Both intrinsic and extrinsic defects play vital role in controlling the optical characteristics of
ZnQ. Overall, the optical characteristics of ZnO depend on particle size and dimensions, defects
concentrations and impurity doping [72]. Hence, optical properties of ZnO nanostructures can be

significantly tuned via modifying these parameters.

1.6 Doping Induced Effects on the MOs
Different applications of MOs- demand their different physiochemical properties. The
doping is an casiest approach to tune the different physiochemical properties of MOs according

io the needs. Commonly, different elements as a dopant in MOs can be categorized into two
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groups: 1) cation dopants and 2) anion dopants. The cation dopants substitute for metal ions

while anion dopants replace oxygen ions. The discussion will be centered on cation dopants and

their effects on the properties of MOs as anion dopants are not often used. |

In stoichiometric solid solutions, the excess charge of the dopant is compensated by

lattice defects of opposite charge in order to have bulk charge neutrality. While in non

stoichiometric solid solutions, it is compensated by electronic defects. The dopants may be
characterized into two groups based on their charges. If the charge on the dopants is less than the
host cation, then they are known as acceptor dopants. But they are known as donor dopaats if

their charge is greater than host cation.

If the dopant has an extra negative charge then either cation interstitial or oxygen vacancies

defects will compensate for the extra charge as shown the equation below:
M0 > My + M+ Oy (1.3)
MZO - 2“’;‘ + ON + V"A (1 .4)

In the above equations, M,0 represents divalent metal oxide, M’y is metal ion at native
sites, M-, shows metal ions at interstitial sites, Opyrepresent oxygen ions at native sites and V-,
are the oxygen vacancies. The number of host cations are much larger as cpmpared to dopant
cations, therefore the interstitial cations may be the host cations in equation 1.3. This équation
depicts the scenario where anions sites are completely filled while catiohs sites are over filled. It
is demonstrated in equation 1.4 that cations sites are completely occupied while anions sites
partially occupied. Any of the two cases may be case in doped MOs to compensate the extra
charge. The cheice of utilization may be determined by size of ionic radii and charge. It is worth

mentioning that mass, charge and lattice sites are perfectly conserved in these cqﬁations.
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Similarly, the extra positive charge of the dopant is compensated either by metal ions vacancies

or oxygen interstitials as illustrated in the equations 1.3 and 1.4.
M203 e ZM:N + ON + O"I (].5)
M203 - ZM’N + V“A + BON (16)

Here, V-; represents oxygen interstitial and V-, represent metal ions vacancies. Equation 1.5
depicts the situation of perfectly filled cations sites and overfilled anions sites. Equation 1.6
demonstrates the scenario of imperfectly filled cations sub-lattice and perfectly filled anions sub-
lattice. The mass, charge and number of lattice sites are also conserved in these equations. The

type of defects produced by dopant ions strictly depends on size of ionic radii and charge on it.

1.7 MOs Band Gap Tuning via Doping

Band gap energics of MOs are of immense interest in various applications such as optoelectronic
devices, solar cells and photo-catalysis etc. The performance of these devices can be remarkably -
improved via successful band gap tuning. In photo-degradation of multi-drug resistant bacferia,
the activation energy range of MOs is of utmost importance. Activation energies of MOs and |
their light absorption capabilities play a vital role in controlling their photo-degradation
capabilities. Hence, controlling these two parameters may lead to higher bactericidal potency of
MOs nanostructures. Selective chemical doping is believed to the easiest, eﬂiciént and versatile
method for this purpose. In undoped MOs, band gap is defined as the energy required to excite
an electren from valance band (VB) to conduction band (CB) as shown in figure 1.3 (a). Doping
of impurities in MOs can lead to either shrinking or widening of the band gap. The band gap
widening can be explained on the basis of Burstein Moss (BM) shift [73]. According to BM shift
theory, donor electrons from doped impurities can occupy the states at bottom of conduction
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band. Therefore, optical transition are vertical and the band gap is defined as the energy
difference between the states with Fermi momentum in CB and VB as Pauli exclusion principle
prevents the electron form doubly occupying the states in CB. This leads to widening of band
gap as illustrated in figuse 1.3 (b). Secondly, doping can lead to formation of impurity sates close
to the VB which leads to its expansion as shown in figure 1.3 (c). The expansion of VB shrinks

the optical band gap of semiconductors.

(8} (b} (c)
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Figure 1.3 Schematic band gap representation of (a) undoped semiconductbrs, (b) widening of

band gap and (c) shrinking of band gap [73)

There are some other explanations for band gap tuning via doping such as sp-d exchange
interactions, quantum confinement effects depending the type of host and dopant and variation -
particle size with doping. Furthermore, concentration of doping impurities is also important to

determine that which phenomenon will be effective.
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1.8 Antibacterial Activity of MOs Nanostructures

Antibacterial agents are those materials which have toxic nature towards bacteria but do
not affect the surrounding healthy cells. They are characterized into two groups 1) those agents
which Kill bacteria are known as bactericidal agents 2) aﬁd those antibacterial agents which only
slows down or inhibit the growth rate of bacteria are called bacteriostatic agents. Both types of
antibacterial agents are of great interest in several industries, such as hospital implants, mﬁdieine,
food packaging and preservation, textile fabrics and water disinfection [74, 75]. Traditionally,
organic compounds are used for disinfection. But, the use of organic compounds poses various
disadvantages such as toXicity towards healthy cells and low chemical and physical stability
especially at high temperatures and pressure [75]. Furthermore, life threatening infections
causing antibiotic resistant bacteria have emerged due to extensive use and abuse of antibiotics in
the last two decades [76]. Among these, E. coli, S. aureus and Psleudomonas aeruginosa are the
multi-drug resistant common species that can cause wide variety of infections and diseases {77,
78]. Mortality and morbidity linked with these bacteria remain high regardless of antimicrobial
therapy, partially because these species develop resistance capability to antibiotics. Therefore
new strategies are highly desired to identify and develop new generation of agents against these

species.

In this context, inorganic nanostructures have shown great potential because of their
excellent catalytic, optical and antibacterial characteristics [79]. Silver nanomaterial is the most
studied antibacterial agent having remarkable antibacterial activity against wide range of
bacteria. But, cytotoxicity of silver nanomaterial limits its application as an antibacterial agent
[80]. Now, another option is to explore inorganic metal oxides nanostructures, such as TiOz,

ZnQ, CuOQ, Si0;, SnO;, MgO and CeO; have shown significant antibacterial activities [79-85].

15




The exact mechanisms of action of MOs nanostructures toxfcity towards various bacteria
are still debatable. Several mechanisms of action are proposed such as ability of nanostructures
to electrostatically attach to the bacteria membrane which can disturb the membrane integrity
[79]. Secondly, the release of metal ions in water suspension of MOs nanostructures, these ions
react lethally with bacteria [85]). Third and the most important mechanism of action is the
photoactivation of MOs nanostructures and release of reactive oxygen species (ROS) [86?88].
These mechanisms of action for the toxicity of MOs nanostructures towards bacteria are shown

in figure 1.4

Figure 1.4 Mechanisms of action for the toxicity of MOs nanostructures towards bacteria [89].
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1.9 Statement of Problem

The development of nanotechnology based devices has recently become one of the most
emerging fields of research in the physical sciences. Enhancing the surface area exclusive of
alteration in the size of the device dimension show the way to extra efficient devices based on
surface controlled phenomena such as in solar cells, sensors, detectors, targéted dmg delivery,
anlibacterial agents and photocatalysis. Numerous research groups have developed techniques
that utilize metal oxide nanostructures to fabricate these devices. However, the effective and
large scale exploitation of nanotechnology is mostly held up by the at variance demands for strict
control over size, shape, morphology, their physical properties and low-cost mass production.
Due to this reason it is highly demanding to build up new approaches for the fabrication of
nanostructures with desired characteristics, These approaches must be efficient, cost effective

and easily reproducible. Soft chemical routes are; low cost, fast and versatile methods which can

be employed for the fabrication of MOs nanostructures. Furthermore, the different properties of

the MOs nanostructures need to be tailored according to the demands.

Despite multiple research approaches, the bacterial contamination and related infections
is serious issue worldwide, This demands development of new novel antibacterial agents having
selective loxicity towards various bacteria. In this regard, numbers of MOs nanostructures such
as TiQz, ZnO, CuO, Si0;, SnO; and MgO have shown great potential due to their toxic nature
towards bacteria without harming healthy cells. But their antibacterial activitics are still very low

which needs to be enhanced.

1.10 Aims and Objectives of the Thesis
» Synthesis of MOs nanostructures with controlled particle size and morphology by a

simple, cost effective and easily reproducible technique.
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Optimization of different synthesis parameters (such as reaction temperature,
reactants, molarities etc.) in order to get ultrafine nanostructures.

Investigating the morphological, structural, optical, and vibratibn'al properties of the
MOs nanostructures.

Determination of the antibacterial activity of these MOs nanostructures.

Selection of the best suitable MOs nanostructures regarding their antibacterial
potency against E. coli, S. aureus and Pseudomonas aeruginosa.

Tailoring of physical properties of the selected MOs nanostructures by selective

metal doping to enhance their antibacterial activity.
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Chapter No. 2

Synthesis and Characterization Techniques

2.1 Nanoscience and Nanotechnology

Nanoscience and nanotechnology can be defined as the science and technology of
designing, synthesis and applications of materials at nanoscale as well as understanding of their
physical characteristics. Nanomaterials are those materials which have at least one dimension
less than 100 nm. Nanomaterials have found number of applications in various systems such as
chemical, physical and biological due to their enhanced or changed physiochemical properties as
compared to their bulk counterparts. These new or enhanced propertics of nanomaterials are
attributed to their lesser particle sizes. When the particle sizes of materials decreases their
surface area (surface to volume ratio) increases [75]. It means that with the reduction in the
particle sizes more and more percentage of atoms are accommodated on the surface as shown in
figure 2.1. The increased percentage of surface atoms affects the structural, morphological,

optical, thermal, electrical and chemical properties of the materials.
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Figure 2.1 Variation of surface atoms percentage with the particle size {90]
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2.2 Synthesis Techniques

The development of versatile syntﬁesis techniques is essential for the exploration of t-he
physical characteristics and realization of the nanomaterials applications. There are two |
approaches for the preparation of nanomaterials ie. top-down and bottom-up approaches. Both

types of approaches are illustrated in figure 2.2.

Figure 2.2 Schematic illustration of the top-down and bottom-up approaches

A top-down approach is a way to synthesize the nanomaterials by brcaking/slicing-bulk
materials down to nanoscale. Top-down approach is just similar to manufacturing of integrated
circuits in which the constituents of the system are fabricated like carving. There are many
synthesis techniques for fabrication of nanomaterials based on the top-down approach, such as;
lithography process (photolithography, ion beam lithography and eleciron beam lithography),
ball milling method, embossing, molding,.rp'rinting and skiving. The top down approach
combines both conventional and uncon.vc'n.tional methods to generate nanoscale materials in a
way similar to “carving” smaller objects from a large bulk material. Bottom-up approach is the

inverse of top down i.¢. fabrication of nanomaterials from the bottom atom by atom or molecule
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by molecule. Some examples of the bottom-up approach for synthesizing nanomaterials are
chemical co-precipitation method, sol gel method, thermal evaporation method, carbothermal
method, solvothermal method, hydrothermal method, physical vapor deposition (PVD) and

chemical vapor deposition (CVD) methods [90].

MOs nanostructures have attracted wide variety of applications in field of science and
technology such as lithium ion batteries, fuel cells, electronics, photovoltaics, magnetic storage
devices, sensors, cancer therapy, and antibacterial agents [.10]. However, for successful
applications of MOs nanostructures, strict control over their size and morphology is essential,
Also developing synthesis techniques, which are versatile, easy to handle, cost effective and
reproducible is of core importance. Several routes have been adopted for synthesis of MOs
nanostructures such as sol-gel method, hydrothermal method, combustion route, ball milling, and
co-precipitation method [91-94). The chemical methods based on boﬁom-up approach have an
edge over the top-down approach in many ways. For example it gives better control over the
particle size distribution and morphologies. Moreover, the stoi_chiomen*y of the MOs

nanostructures can be controlled in a precise way by adopting chemical routes.

Among these, the chemical co-precipitation technique is the most useful and easiest way
for the synthesis of MOs nanostructures. In this method, the salt precursors (Chloride, Nitraté,
etc.} are dissolved into the distilled water {or other solvent). The precipitates such as oxo-
hydroxides are formed with the help of a base agent such as a NaOH, KOH or NH4OH. Most of
time, the controlled size and chemical homogeneity are difficult to achieve in the cﬁse of mixed
MOs. However, the use of surfactants and optimization of various synthesis parameters such as -
Precursors concentration and pH value are seen to be effective in controlling size and 6hcmi;al
homogeneity of the MOs nanostructures. General synthesis procedure for MOs nanostructures
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preparation is illustrated in flow chart shown in figure 2.3, The synthesized samples were
annealed at 300 °C to get high crystal quality MOs nanostructures. The un-annealed

nanostructures were observed to have some extra phases related to metal hydroxides and poor

crystalline nature. The annealing temperature was chosen to be 300 °C because at this

temperature phase purity and good crystalline quality was achieved. This enhancement in the
crystalline quality of MOs nanostructures may assigned to the fact that at higher temperatures,

the crystallites have gained enough energy to orient themselves in proper equilibriuni sites,

Characterizations

Figure 2.3 Schematic representation of synthesis procedure

2.3 Optimization of synthesis parameters

22




In this thesis, different synthesis parameters were optimized to control the phase purity,

particle size and shape of MOs nanostructures which are discussed here briefly,

2.3.1 Reaction temperature

Here, experimental procedure for the synthc;is of MOs nanostructures was carried
out at different reaction temperatures. Figure 2.4 depicts the XRD patterns of ZnQO and CuO
samples prepared at room temperature and 90. °C. It is clear from this figure that at room
temperature, the wustzite and monoclinic structures of ZnO and CuQ are mixed with other
phases while single phases have been observed at 90 °C. This suggests that reaction temperature
plays vital in the growth of MOs nanostructures. The presence of secondary phases in the
samples synthesized at room temper#ture may be understood on the fact that decomposition of
metal salts and their hvdroxide complexes formed after the reaction of metal ions .with OH were
not complete. Moreover, crystalline qliality was observed to improve at higher temperature as
depicted from the higher intensities of diffraction peaks. This optimized reaction temperature

was used for the synthesis of ail samples.
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Figure 2.4 XRD patterns of ZnO and CuQ prepared at different reaction temperatures

2.3.2 Role of pH .

The pH of sotution is very important in the synthesis of MOs nanostructures. According
to the growth mechanism,.when metal salts are dissolved in water they undergd decomposition
and form metal ions which react with OH’ ions in the solution which are generated from the
decomposition of NaOH to form metal hydroxide complexes. NaOH has been used in these
experiments to adjust the pH values. Proper pH value ensures the adequate amount of OH" ions
in the solution which is necessary for super-saturation which leads to nucleation of metal ions.
Hence, optimization of pH value is of utmost importance in the growth of MOs nanostructures.

In these experiments, pH value has been optimized for the synﬂlésis of different MOs

nanostructures.

2.3.3 Role of acetic acid
Surfactants or capping agents may be added to the solutions in order to modify the shape

and particle size of the MOs nanostructures. In this thesis, acetic acid (CH;COOH) has been used

as a surfactant. Adding CH3:COOH in water leads generation of CH:COO" ions which can bind to

the different surfaces of MOs and modify their growth rate and orientation. Figure 2.5 (a-c)
depicts the SEM micrographs of ZnQ nanostructures prepared at various percentages of
CH3;COOH added with respect to solvent. It can be seen from figure 2.5 (a) that without the

addition of CH;COOH, the large size particles are formed. The particle size reduces with

addition of 1% CH3COOH as shown figure 2.5 (b). Higher concentration of surfactant leads to

growth of one-dimensional nanostructures. This may be attributed to the enhancement in
nucleation rate of MOs upon addition of CH3COOH. Fast nucleation leads to of formation of
small nanoparticles. At higher concentration, CH3COOH may improve the growth of ZnO along
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[0001] direction as ZnO have higher growth rate along this direction if suitable conditions are

provided.

4
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Figure 2.5 SEM images of ZnO nanostructures grown with (a) 0%, (b) 1% and (c) 2%

acetic acid concentration

2.4 Crystal growth mechanism of MOs nanostructures

In this thesis, four different MOs were studied but here only growth mechanism of ZnO
nanostructures is discussed. In general, crystal growth mechanism of ZnQO nanostructures can be
controlled through the combination of internal chemistry, external factors {supper-saturation,
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reaction temperature and surfactants) and structural components [95]. ZnO is an amphoteric
oxide with isoelectric point value of 9.5 which means that ZnO can be crystallized from the
hydrolysis of Zn salts in basic solutions [96]. Zn®* ions are known to coordinate in tetrahedral
complexes and it is colourless with zero crystal field stabilization energy due to its 3d electronic
configuration. When Zn salts are dissolved in solvents, Zn** ions are produ_ced in the solution.
OH’ ions are provided by the addition of alkaline sﬁlutions such as NaOH or KOH. Zn** and OH’
ions can form different intermediates depending on pH and reaction temperature. The addition of
alkaline solutions is necessary for the formation of ZnO as usually divalent metal ions are not
able to hydrolyze in acidic atmosphere [97]. ZnQO can be achieved from these intermediates via

dehydration, The chemical reactions for the formation of intermediates are as follows;

Zn* + 20H" © Zn(0H), @D
Zn(OH)2.+. 20H- & [Zn(0H),1* | 22
[Zn(OH) " & Zno3~ + 2H,0 @3
Zn03 + 2H,0 & Zn0 + 20H- 24
Zn0 + 20H~ & ZnOOH"~ @)

These chemical relations illustrate the main reactions involved in the growth of ZnQ
nanostructures. The end product in 2.2 may not be the same all the time. It may vary depending
on pH value of the solution as demonstrated in figure 2,6, The dotted lines in this figure depict

the thermodynamic equilibrium between Zn®* soluble species and corresponding solid phases.
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This demonstrates the importance of pH value of the solution for the growth of MOs

nanostructures.
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Figure 2.6 Phase stability diagrams for the ZnO—~H; 0 system [98]

Initially, the Zn>* and OH ions interact with each other and then undergo dehydration by proton
transfer, forming the metal hydroxide complexes as depicted in relatiox_l 2.2 with octahedral
geometry. These complexes act as growth units for the nucleation of ZnO. The water molecules
produced during the chemical reactions diffuse to the solution. When the growth units reach
supersaturated values, wurtzite ZnO starts to nucleate at the central region of aggreghies as

shown in figure 2.7.

27




Figure 2.7 Nucleation of ZnO [99]

The core of the aggregates is comprised of Zn* and O surrounded by Zn®* and OH'. The size of

the nanostructures can be controlied by controlling the nucleation rate.

2.5 Synthesis procedures
2.5.1 Synthesis of MOs nanostructures

The chemicals used for synthesis of MO nanostructures were zinc chloride (ZnCl),
copper chloride (CuCl,-5H;0), stannous chloride (SnCL-5H,0), cerium nitrate (CeNO3-6H,0),
sodium hydroxide (NaOH) and acetic acid (CH;COOH). All MOs samples were synthesized via
chemical co-precipitation technique using distilled water as a solvent. For synthesis of MOs
nanostructures, 0.1M solution of all metal precursors were prepared in distilled water and stirred
up to 20 minutes for complete dissolution. CH;COOH was added as surfactant and again stirred
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for 20 minutes. The pH values of the solutions were adjusted at 8 via drop-wise addition of lM
NaOH solution, After adjusting the pH value, solution was stirred for one hour. Finally,
precipitates were collected and washed via centrifugation. The cleaned precipitates were dried in
an electric oven for 12 hours at 80°C and then grinded with help oflmortar and pestle to acquire
the powder. Finally, the prépared MOs samples were annealed at 300 °C for 2 hr§ to enhance

their crystallinity.

2.5.2 Synthesis of Sn;Zn0.; nanostructures
For synthesis of Sn,ZnO; nanostructures, ZnClz, SnCl.;—SH:O and NaOH were used.

The synthesis was performed by a simple co-precipitation technique by using distilled water as a

=

solvent, For synthesis of undoped ZnQ nanostructures, 0.1M solution of ZnCl; in distilled water
§) was stirred up to 20 minutes for complete dissolution. Then 1M NaOH solution was added drop-
FY wise to adjust the pH value at approximately 8. After adjusting the pH value, solution was stirred
& for one hour. Precipitates are collected from the solution by centrifugation. For Sn doping, the
\t same procedure was adopted except the addition of SnCly-5H,O with various molar ratios to
\\ ZnCl, for 2, 4 and 6% Sn doping. All samples were dried in an oven for 5 hours at 80°C and then
grinded with help of mortar and pestle to acquire the powder. The samples were anncaled in a

chamber furnace for 2 hours at 600°C.

2.5.3 Synthesis of Ag,Zn0,, nanofods _
AgZnO.x nanorods were prepared by chemical co-precipitation technique using zinc
chloride (ZnCly), silver nitrate {AgNO;), sodium hydroxide (NaOH) and acetic acid
{CH;COOH). For synthesis of Ag;ZnO; nanorods, acetic acid concentration was doubled as
compared to that used for synthesis of ZnO nanoparticles in MOs chapter, This increase in

concentration of acetic acid lead to the formation of rod-like shape of nanostructures. A quantity

of 0.1M ZnCl; solution was prepared in 100 ml distilled water at 80 °C and in the meantime
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acetic acid was added to this solution. Then IM NaOH solution was added drop-wise to adjust
the pH value at approximately 8. After the addition of NaOH, parent solution was vigorously
stirred for one hour at 80 °C. Finally, the precipitates were collected through centrifugation and
washed several times with distilled water. These cleaned precipitates were dried in an electric
oven at 80 °C. The obtained product was grinded with mortar and pestle and annealed at 300 °C
for 2 hours. Ag doped ZnO nandrods were prepared by same procedure except addition of
different molar percent of AgNOi. For 2% aﬁd 4% Ag doping, 0.002 and 0.004M AgNO;

sofutions were added to ZnCl; solution.

2.5.4 Synthesis of Ni;Zn(Qy nanorods
NixZnQy.x nanorods were prepared by same procedure as adopted for Ag doped ZnO

nanorods except addition of different molar percent of nickel chioride. For 2%, 4% and 6% Ni

doping, .002, .004 and .006 M solutions of nickel chloride were added to ZnCl; solution.

2.5.5 Synthesis of Ce,CuQ, nanostructures
CeyCuO,x nanostructures were synthesized via chemlcal co-precipitation route.

Appropriate ratios of CuCly.5H;0 and CeNO;-6H,0 were dissolved in distilled water to obtain
0, 2, 4 and 6% Ce doped CuQ. Acetic acid was added as a surfactant to control the size and
morphology. After 20 minutes of vigorous stirring, an aqueous solution of sodium hydro oxide
{1M) was added dropwise to adjust the pH value at approximately at 10. The obtained solutions
were again vigorously stirred at 80°C. After one hour of stirring, the solutions were cooled down
to room temperature naturally, The precipitates were collected, washed with distilled water
repeatedly and dried at 80 °C in an electric oven. The dried samples were annealed in electric

furnace at 300 °C for 2 hours to obtain highly crystalline material.

2.6 Determination of Antibacterial Activity
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Antibacterial activity of synthesized nanbstmcturcs were examined against; Gram-negétive
E. coli, Pseudomonas aeruginosa and Gram positive S aureus. All strains were grown
aerobically at 37°C under normal laboratory light conditions.

The in vitro antibacterial activities of the prepared nanostructures were studied by hgar disc
method. Single colonies of these bacteria were cultured in agar medium by lawn formation. The
colloidal suspensions of nanostructures (2 mg/ml) were applied to agar Petri plates by disc
method. These agar plates were incubated at 37°C for 24 hours and zone of inhibition was
measured in millimetres (mm).

For antibacterial assay, above mentioned microorganisms were grown in a liquid media
(nutrient broth media) in presence of colloidal suspension (2 mg/ml) of nanostructures. Cultures
grown without ‘prepared nanorods colloidal suspension ‘under the same conditions were
considered as control, Growth of these microbial colonies was ‘monitored by measuring optical
density (OD) at interval of every 2 hours bSr UV-visible spectrophotometer at wavelength of 600

nin,

2.7 Cell culture and Treatment with MOs Nanostmctureé_

The human cell line SH-SY3Y Cells was purchased from ATTC (Manassas, VA, USA).
Cells were maintained in Dulbecco’s Modification of Eagle’s Medium (DMEM)} medium
supplemented with 10% fetal bovine serum (FBS) and grown at 37 °C in humidified environment
with 5% CQOs plus 95% air. Cells were seeded in well plates and allowed to attach for 48 hours.
The suspensions of the prepared nanostructures were applied to the cells. Cells culmd without
presence of the nanostructures were used as control in these experiments. Florescence

microscope was used for cells viability assay and Flow cytometry was used for ROS detection.
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2.8 Characterization Technitjues

In this portion, the characterization techniques employed to. investigate the physical
properties of the prepared nanostructures are briefly explained.

2.8.1 X-ray diffraction (XRD) :

XRD is a powerful and non-destructive characterization tool being widely used for the
examination of finger print of crystalline materials, crystal structure and quality, detection of
impurity phases and crystallite sizes of various materials. XRD utilize X-rays for the material
examination. X-rays are electromagnetic radiations having wavelength in the rangé of angstroms
(A) which is comparable to the inter-atomic spacing of the materials. Thus when X-rays of
suitable wavelength are plunged on the material, it undergoes diffraction according to the Braggs

law as shown in the figure 2.8,

Incident ™ : el Difvacted
Reys : Rays
Plancs of Lattice Points

Figure 2.8 Diffraction of X-rays [100]

The diffracted X-rays experience constructive interference if they are in phase to each
other and destructive interference if out of phase. The constructively interfered X-rays produce
distinct diffraction peaks at specific angles which are recorded by a detector in the XRD setup.
Every material has their own diffraction peaks located at specific angles which differentiate it

from another material. Hence, by plotting the recorded intensities against diffraction angle gives
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the finger print of the material and an unknown material can be idenli'ﬁed.. From these diffraction
patterns, information about the crystal structure, crystallite sizes and erystalline quality can be
obtained via crystallography. We have reéorded the XRD patterns of all prepared MOs
nanostructures with step size of 0.2° (20) and 20 range of 20-70° using PANalytical X-ray
diffractrometer (Model: 3040/60 X'Pert PRO made in Netherland). This X-ray diffractrometer
utilizes Cuk,, X-rays having wavelength of 1.54 A. XRD pattenis have been recorded in powder

form without any further processing.

2.8.2 Scanning electron microscopy (SEM)
The morphologies and particle sizes of the MOs nanostructures play vital role in det

ermining their various properties. Hence, knowing these parameters of MOs nanostructures is of
immense interest for understanding their physical properties as well as applications. The surface
morphology and particle size of a nanomaterial can be chayacterized by SEM. SEM utilize
electrons for material characterization. According to the principle of SEM, collimated beam of
elecirons generated from electron gun are focused on the sample which is placed in high vacuum
chamber. The electron beam generates various types of signals from the sample such as;
secondary electrons, Auger electrons, backscattered electrons, X-rays and light, These signals are
detected by a detector present inside the sample chamber and attached with the computer. The
secondary electrons give. the images of the surface topography of the sample. The non-
conducting samples are coated with carbon, silver or gold in order to avoid the surface charging
effects. The average particle sizes have been obtained by marking diameter and Ieﬁgth of 30
particles and taking their average. |
2.8.3 Fourier transform infrared (FTIR) and Raman vibrational spectroscopy

The structural and vibrational characteristics of nanomaterials can be investigated by

employing the FTIR and Raman spectroscopic techniques. They are the two most common and
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useful spectroscopic technigues based on the atomic vibration of a molecule. Both spectroscopic
techniques have different selection rules for transitions. Hence, utilization of both techniques is

complimentary,

2.8.3.1 FTIR spectroscopy
FTIR spectroscopy is a powerful non-destructive characterization tool based on the

interference of two beams of radiations to have an interferogram. The interferograml is a signal
originated as function of difference in the pathlength of the interfering beams. In FTIR, infrared
radiations are allowed to pass through the sample. Some portion of the radiation is absorbed by
the sample while the remaining portion passes through it, which is called transmittance. The
absorption of infrared radiation cause vibrational excitation of polar bonds of the sample.
Therefore, the presence of dipole moment in the sample is essential for radiation absorption. The
plot of radiation absorbed versus frequency gives FTIR spéctra which contain information
related to the vibrational or phonon modes present in the sample. The detection of vibr;tional or
phonon modes are governed by certain selection rules. Every materiai polar bond can only be
excited radiation of specific frequency. Hence, FTIR gives us fingerprints of the unknown
material. Further, the peak position, width and height can give us information about the crystal
structure and crystalline quality of the material. MOs nanostructires have a very high aspect.
ratio (i.e. surface to volume ratio) when compared to their bulk .counterpart. This pmpérty hiakcs
nanostructures more chemically reactive, because more atoms are accommodated on the surface.
Due to higher chemical reactivity, various ﬁmcfional groups can be attached with the surface of
the MOs nanostructures intentionally or unintentionally. Therefore, knowing the surface
chemistry of samples that have been synthesized is of immense interest. The inﬁ'afed radiation
can excite the molecule of these functional groups. Thus FTIR spectra also contain information

about the different functional groups attached to the surface of the sample. In this .thcsis,
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NICOLET 6700 FTIR spectrometer made by THERMO SCIENTIFIC, USA has been employed
for investigation of the MOs nanostructures vibrational or phonon modes, presence or absence of
impurity states and surface chemistry. FTIR spectra of prepared MOs nanostructures have been
obtained by mixing 2 mg of nanostruactures with 98 mg of KBr to prcpéu’e 13 mm peliets. For
backgroung corrections 100 mg KBr pellets have prepared. First, an FTIR spectrum of pure KBr

pellets has been recorded for background signals correction.

2.8.3.2 Raman spectroscopy | _
Raman spectroscopy is a more versatile spectroscopic technique than FTIR. Raman

spectroscopy is believed to be more sensitive than FTIR. It is based on the Raman scattering
phenomena discovered by an Indian scientist C.V. Raman in 1928, According to the working
principle of Raman spectroscopy, when a beam of monochromatic light (usually obtained from
LASER) is shined on the sample, the light is scattered. This scattering arises from the interaction
of monochromatic light with electric dipole of a niolcculc in the sample. The scattering can be
illusirated as the change in the vibrational energies of an electric dipole upon light illumin#tion
or in other words excitation of molecules to higher vibrational states. The resultant scattered light
may have the same frequency as of the incident light (Raleigh scattering) or lower (Stokes
scattering) or higher frequencies (anti-Stokes scattering). The Stokes scattering is normally
experiential in Raman spectroscopy which is shown in figure 2.9. The Raman shift which is
measure of the difference in the energies of the incident and scattered light, gives the vibrational
or phonon frequencies of the sample. A Raman spectrum is obtained by plotting the Raman shift

versus intensities of the scattered light.
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Nuclear coordinate (R)

Figure 2.9 Stokes scattering in Raman spectroscopy {101]

Raman spectroscopy is a very valuable technique for examining the microstructure and

structural defects of nanomaterials, It has the capability to notice the presence of minor phases in

the sample which are not easy o detect with help of XRD, In this thesis, Raman spectroscopy -

has been used to study the vibrational properties of MOs nanostructures as well as to investigate

the crystal defects in these nanostructures.

2.8.4 Ultra violet (UV)-visible absorption spectroscopy _
UV-vis absorption spectroscopy is a simplest, non-destructive and most useful

spectroscopic technique being widely used for the investigation of optical properties of

nanomaterials. It is based on the principle of light absorption due to the electronic transitions in a
sample. The electronic transitions in a sample can only be caused by light having wavelength in
UV or visible region that is why this technique is named aS UV-vis absorption spéctrdscopy.
When light of intensity (Io) is shined on the sample, some fraction of light is absorbed while the

remaining fraction is transmitted by the sarh'ple. The transmitted light having intensity (I) is
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detected by the detector. The 1, and I are related to absorption of light A by Beer's law stated as

follows:

A =Log (1/T)

This law states that when transmitted light fraction is low, the fraction of absorbed light
will be high and the other way around. The schematic diagram of the UV-vis spectrometer is
shown in figure 2.9. The plot of the transmitted light versus wavelength of the light will give
absorption spectrum of the sample. From this spectrum, different information regarding the
optical properties of the sample can be obtained such as light absorption and transmission
capabilities of the sample, optical band gap. energy and electronic behavior of the sample. UV-
visible absorption spectra of the prepared MOs nanostructures have been obtained by dispersing
1 mg of nanostructures in 1 ml distilled wﬁtcr. For background correction, first absorption of

pure distilled water has been recorded then subtracted from the spectra of MOs nanostructures.
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Figure 2.9 The schematic diagram of the UV-vis spectrometer {101]
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Chapter No, 3

Synthesis, Characterizations and Antibacterial Activity of MOs
Nanostructures

3.1 Introduction

These days, MOs have been used widely in the fabrication of solar cells, sensors, fuel
cells, microelectronic circuits, catalysis process and in piezoelectric devices. Nanostructures of
MOs can demonstrate unique physical and chemical properties because of their nano-scale size,
high aspect ratio (i.e. surface to volume ratio of atoms) and edge effect [10]. MOs nanostructures
such as ZnO, CuQ, SnO; and CeO, synthesized by co-precipitation technique have been
characterized for the study of several physical properties such as structural, morphologic_al and
optical properties. Furthermore, the antibacterial activity of these prepared MOs nanostructures

have been investigated by agar disc method.

3.2 Results and Discussion

3.2.1 Structural and morphological study
The crystal structures and phase purity of the prepared MOs samples have been

investigated by XRD. Figure 3.1 depicts the fypical XRD patterns of ZnQ, CuQ, Sn(Q; and CeQ;
nanostructures. All peaks in XRD patterns can be well indeﬁed to the typical wurtzite,
monoclinic, rutile type tetragonal and cubic fluorite structures of ZnQ, CuQ, SnO; and CeOy,
respectively [93, 94 and 102). Furthermore, no impurity peaks are detected, which confirms the

phase purity of all the prepared MOs nanostructures.
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Figure 3.1 XRD patterns of MOs nanostructures.

The crystallite sizes for all prepared samples are calculated using Scherrer formula;

0.9
Pcost

where A is the wavelength of X-ray, f is full width at half maximum of the peak at diffracting
angle 6. The calculated crystallite sizes are found to be 18 nm, 12 nm, 8 nm and 17 nm for ZnO,
CuQ, SnQ, and CeO,, respectively. The morphology and chemical composition of the
synthesized samples have been investigated by SEM. SEM micrographs of the synthesized MOs

samples are shown in figure 3.2,
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Figure 3.2 SEM images of MOs nanostructures.
Spherical nanoparticles are found in case of ZnO, SnO; and CeQ, samples, while the hierarchal
nanostructures are found in case of CuQO sample. The average particle sizes obtained from SEM

images are 25 nm, 28 nm and 30 nm for ZnO, Sn0O,, and CeO; nanostructures, respectively.

3.2.2 FTIR study
Nanostructures have very high aspect ratio as compared fo their bulk counterpart, This
property makes them more chemically reactive because more atoms are accommodated on the

surface. Therefore, the study of surface chemistry of prepared MOs nanostructures is of utmost

_importance. To study the presence or absence of various vibration modes on the surfaces of
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samples, FTIR spectra have been recorded in the range of 400-1500 em’, FTIR spectra of ZnO,
Cu0, SnO; and CeO, nanostructures are shown in Figure 3.3. The FTIR spectra of all MOs
nanostructures demonstrate series of vibrational modes from 400 to 1500 cm™. The presence of
vibrational modes in the region of 400-600 cm™, for all samples, shows the existence of M-O

bonding (M = Zn, Cu, Sn, and Ce) [93]. Thus, FTIR spectroscopy results corroborate very well

with the XRD results.
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Figure 3.3 FTIR spectra of MOs nanostructures

3.2.3 Optical study _ _
After determining the structure, morphology and purity, the optical characteristics of

MOs nanostructures have been studied at room temperature. Optical spectra of the MOs

nanostructures dispersed in distilled water are depicted in figure 3.4. ZnO nanoparticles exhibit
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typical exciton band gap absorption at 376 nm which is blue shifted as compared to its bulk
counterpatt [103]. CuO nanostructures show maximum absorption peak at 380 nm, which is
assigned to the surface plasmon absorption [104]. SnQ; and CeQ; exhibit band edge absorption
at 326 nm and 322 nm, respectively. The obtained results are matched well with the reported

ones [103-106].
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Figure 3.4 UV-visible absorption spectra of MOs nanostructures
3.2.4 Antibacterial activity
E. coli is one of the most resistant bacterium due to its thick cell wall. The cell wall of it
is comprised of a thick PG layer and outer membrane. It shows resistance to wide variety of

drugs because of this complex cell wall [101]. Additionally, the E. coli bacterium protects itself

by creating bio-films. Bio-films cover the bacterial cells community and protect it from

antibiotics [107]. Hence MOs nanostructures can be effectively used to break these bio-films due
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to their small sizes and extraordinary physiochemical characteristics. At nanoscale, MOs possess
high surface area which leads to higher chemical and 'bioiogiéal reactivity of MOs
nanostructures. Due to these properties, the MOs nanbslructurcs react proﬁciently with the cell
membranes and lead to their death [L08]. Previously, number of possible mechanisms of
interaction between MOs nanostructures and bacteria are proposed likewise phbto-activation of
MOs and generation of electron hole pairs which produce reactive oxygen species (ROS) by
interacting with water and oxygen molecules, Columbic interaction between nanostriuctures and
bacterial cells and accumulation of nanostructures inside the cells [109]. By the interaction of
MOs nanostructures with bacterial cells via any of the above mechanisms, it leads to cell death
and form zone of inhibition (ZOI) around nanostructures. Disc diffusion method has been
adopted to investigate the in vitro antibacterial activity of MOs nanostructures against multi-drug
resistant E. coli bacterium. Antibacterial activity results reveal that the ZnO nanoparticles exhibit
highest level of bactericidal potency against E. coli. 7n0, SnO, and CeO, nanoparticles produce
10 mm, 6 mm, and 3 mm of ZOI, while CuO nanostructures could not produce any ZOI (figure
3.5). The ZOIs formed around the Sn0, and CeOs nanopar-tiolcs (white spot) are not much clear,
which demonstrate that some E. coli are still proliferated within the ZOI. This shows that the
bactericidal effectiveness of SnQO; and CeO; nanoparticles is poor. While the ZOl arcund ZnQ
nanoparticles (white spot) is very much clear, which reveals that ZnO nanoparticles act as an
excellent antibacterial agent as compared to other MOs nanostructures tested. Particle sizes and

morphology play an important
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Figure 3.5 ZOI produced by different MOs nanostructures (a) ZnO, (b) CuOQ, (¢) Sn0; and (d)

CeQ:
role in the antibacterial activity of MOs nanostructures [93, 110]. Tam et al. have reported the
highest antibacterial activity for smali size spherical nanoparticles as compared to nanopowders
and nanorods [110]. The SEM results demonstrate that ZnO has the smallest particle size (25
nm) among all the MOs samples. It can also be seen from the SEM results that CuO has a '
hierarchal morphology. Thus, the higher antibacterial activity of ZnO nanoparticles may. be
attributed to its smaller particle sizes. The resistance of E. coli towards CuO may be attribﬁted to

its hierarchal morphology. The solubility of MOs increases with the decrease in particle sizes.
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The high solubility of MOs nanostructures can increase the concentration of soluble metal ions
as a result there is enhancement in the antibacterial activity of MOs nanostructures [51].
Furthermore, the solubility of MOs nanostructures also depends on the type of MOs. Recently, it
is reported that ZnO nanoparticles have higher solubility than CuO, SbyO3 and Nid nanoparticles
[£11]). Antibacterial activity also ﬁepends on the physicochemical properties of MOs
nanostructures [107]. Hence, the 'diffcrcncc in antibacterial activity of different MOs
nanostructures may be attributed to their particle sizes, different morphology, solubility and

physicochemical properties.
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Chapter No. 4

Synthesis, Characterizations and Antibacterial Activity of Sn Doped
ZnO Nanostructures

4.1 Introduction

At nanoscale, ZnQ demonstrates unique physical and chemical properties because of its
high aspect ratio of atoms (i.e. surface to volume ratio). ZnO nanostructures have vast
applications such as dye sensitized solar cells, field effect transistors, targeted drug delivery,
anticancer agents, and antibacterial activity [111-1 l|5] Recently, it has been reported that the
doping of ZnQ nanostructures with other elements can enhance its various properties [116).
Commenly, different clements as a dopant in ZnQO can be categorized into two groups: one group
can fill in for zinc (Zn) and the second group for oxygen (O). These different dopants can tune
various properties of ZnQ nanostructures, Sn as a cation dopént can substitute for Zn and tailor

various properties of ZnO nanosiructures [117].

Mortality and morbidity linked with pathogenic bacteria remain high regardiess of
antimicrobial therapy, partially because these species develop resistance capability to antibiotics.
Therefore, new strategics are highly desired to identify and to develop a new generation of
agents against these species. -ZnO nanostructures are of particular interest due to their low cosf,
nontoxic nature, their abundance in nature, and established use in health care products [118,
119]. Recently, it is reported that Sn doping has significantly enhanced the antibacterial activity
of titanium dioxide (TiO2) nanoparticles [120]. But the use of TiO; is limited due to its allergic
reactions to sensitive skin, However, ZnQ is known to havel significant activity against various
microorganisms and does not cause any allergic reactions on tht; skin by dispersing the light fall-

ing on it [121]. In this chapter, Sn.Zm O nanostructures have been fabricated by a simple co-
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precipitation technique and the effects of Sn doping on the antibacterial activity and

physiochemical characteristics of ZnQO nanostructures is studied in detail.

4.2 Results and Discussions

4.2.1 Structural and morphological studies
To study the influence of Sn doping on the structural characteristics of ZnQ

nanostructures, XRD analysis of SnyZn)xO nanostructures has been carried out with step size of
0.2° (2 6) and 20 range of 20°-~70° with CuKo radiation having wavelength 1.54A. Figure 4.1

shows the XRD patterns for Sn,Zn;,O nanostructures. The broadness of the peaks in XRD

patterns shows the nanocrystalline nature of all prepared samples. All peaks are indexed to (100),

(002), (101), (102}, (110), (103), (200), (112), and (201) planes which eom:sponds to the typical
hexagonal wurtzite structure of ZnO. This is in conformity with reported literature and the
standard pattern of ZnO [122]. The absence of extra peaks related to Sn or other impurities ie the
XRD patterns with Sn doping substantiates the phase purity of all synthesized samples. There is
a shift toward higher angle and a decrease in the peak width with Sn doping, as shown in figure
4.2, which confirms the successful incorporation of Sn into the ZnO laﬁice and the reduction of
strain [123]. The particle sizes have been calculated from the broadening of the main peak (101)
using Scherrer’s formula Sn,Zn,.,O samples, The average sizes of particles are 17 nm, 24 nm, 32

nm, and 36 nm for undoped, 2%, 4%, and 6% Sn doped ZnO, respectively. The increase in

particle size of ZnO grown under the same synthesis conditions as a function of Sn doping may

be attributed to the fact that ionic radii of Sn*" may be larger than Zn®" (0.74A), which means
that the coordination number of Sn** in the crystal would be greater than 4 (0.69A for 4-

cootdinate, 0.83A for 6-coordinate, and 0.95 for 8-coordinate) [124]. The increase in particle size
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with doping in the ZnO host matrix may be linked with enhancement in the crystallinity of the

synthesized SnyZn (<O nanostructures.
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Figure 4.1 XRD patterns SnyZn O

The morphological examination of SnyZn.4O samples was done by SEM, Figure 4.3 shom
SEM micrographs SnyZn,,O samples. It can be observed from the ﬁgufe that the morphology of
ZnO samples is spherical and changes from spherical to rods with Sn doping. The morphological
variation may be due te the remarkable influence of Sa ion doping on ZnO nanostructures and
dipolar interaction atong the c-axis with the Sn** substitution to Zn®*. The development of
nanoparticle’s shape strongly depends on the free surface energies associated with various
crystallographic planes which differ significantly from each other. In wurtzite structure of ZnO,-

(0001) surface is the most energetic one and therefore ZnO nanostructures grow along c-axis if
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suitable conditions are provided [125). The growth along c-axis guides to formation of one-
dimensional ZnO nanostructures. Sn has been reported previously to act as catalyst for d.irecting
the ZnO nanostructures growth along c-axis [126]. Hence, sufficient Sn concentration may guide
the ZnQ growth along c-axis and leads to nanoruds formation from the oriented attachment of

nanoparticles. A clear increase in particle sizes of SncZn;<O nanostructures as a function of Sn

doping level.
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Figure 4.2 Extended XRD patterns of undoped and Sn doped ZnQ
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Figure 4.3 SEM micrographs of (A) undoped, (B) 2% Sn (Sn), (C) 4% Sn, and (D) 6% Sn doped
Zn0Q,

The morphologies of Sn.Zn;xO nanostructures were further examined by transmission
electron microscope {TEM). TEM micrographs of undoped ZnO nanoparticles show nearly
spherical particles with an average size of 47 nm as shown in figure 4.4 (A). Figure 4.4 (B)
represents a TEM micrograph of 4% Sn doped ZnO nanostructures with nanoparticles and
nanorods mixed morphologies. It is demonstrated by the TEM results that both particle size and

morphology are greatly influenced by Sn doping into ZnQ matrix.
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Figure 4.4 TEM micrographs of (A) 0%, (B) 4% Sn doped ZnO nanostructures

4.2.2 FTTIR and Raman stodies .
Nanostructures have a very high aspect ratio (ie, surface to volume ratio} when compared

to their bulk counterpart. This property makes nanostructures more chemically reactive, because
more atoms are accommodated on the surface. Therefore, knowing the surface chemistry 6f '
samples that have been synthesized is of immense interest. To study the presence or absence of
various vibration modes and to investigate the influence of Sn doping on ZnO nanostructures,
FTIR speciroscopy of Sn,Zn; O nanostructures was performed. Figure 4.5 shows the FT[R

transmission mode spectra of Snydn . O nanostructures.
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Figure 4.5 FTIR spectra of (a) undoped, (b) 2% Sn, (¢) 4% Sn and (d) 6% Sn doped ZnO
nanostructures.

The spectrum of each sample shows a series of absorption peaks from 400 to 4000 em™.
The broad peak at approximately 3360 cm™ in all samples can be attributed to the presence of
hydroxyl groups on the surface of samples. The peaks around 1500-1600 cm’' are due to the
presence of C=0 stretching mode on the surfaces of the samples. In figure 4.5, the characteristic
peak of ZnO ocours at approximately 412 cm™’, which confirms the formatioﬁ of ZnO. In
infrared region, when morphology of particies changes from spherical particles to needle like
structures, spectra often show two absorption maxima [127). In our case, when the particle
morphology changes from spherical nanoparticles to nanorods, two absorption peaks are

observed at approximately 412 cm™ and 695 cm™ for ZnO.

The micro-structural and vibrational properties of the synthesized nanostructures have
been studied using Raman spectroscopy. Figure 4.6 depicts the Raman spectra of SnyZn.O

nanostructures. The Raman peak at 434 cm™ represents the characteristic hexagonal wurtzite
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structure of ZnO. The intensity of this peak is found to increase with Sn doping which is linked
with enhancement in the crystallinity of the prepared nanostructures. Furthermore, no additional
peaks are detected upon Sn doping which confirms the successful doping of Sn into ZnO matrix.

FTIR and Raman spectroscopy results corroborate well with XRD results.
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Figure 4.6 Raman spectra of SneZn ;4O nanostructures
4.2.3 Optical study |

UV-vigible absorption spectroscopy is an important tool to investigate the optical
characteristics of nanostructures. To examine the influence of Sn doping on the optical properties
of ZnO nanostractures, UV-visible absorption spectroscopy of Sn,Zn,.O nanostructures was
performed and the results are shown in figure 4.7, A typical excitation absorption band at 378 nm

is observed for pristine ZnQO nanostructure which has a blue shift when compared to that of bulk
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ZnO [101]. It can be observed from Figure 5 that the excitation absorption band has a further
blue shift with increases in Sn concentration as a dopant into ZnO, As it can be depicted from the
XRD and SEM results that particle size increases with the increase in Sn concentration, this blue

shift may be attributed to quantum size effects.
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Figure 4.7 UV-vis absorption spectra of the prepared nanostructures
4,2.4 Antibacterial activity
The in vitro antibacterial activity of Sn,Zn;..O nanostructures toward different bacterial
pathogens were investigated by the disc diffusion agar method. All samples show antibacterial
activity toward all three pathogens, as shown in figure 4.8. Interestingly, the zone of inhibition
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produced by undoped ZnO is higher than that of 2% Sn doped ZnO, but less than that of 4% Sn
doped ZnO, and the inhibition zone caused by 6% Sn doped ZnO is less than that of 4% Sn
doped ZnO against all the three types of pathogens, as shown in figure 4.9. It is demonstrated in
the reported literature that particle size and morphology greatly influence the activity of ZnO
against various microorganisms [128, 129]. In this study, both particle size and shape have been
observed to have sigﬁiﬁcam role in the bactericidal potency of Sn,Zn, O nanostructures against
all the three pathogens. The antibacterial activity of ZnO nanostructures may be attributed to
several mechanisms such as electrostatic interactions of cell walls and membranes, generation qf
ROS, and medium [129]. In this study, the antibacterial activity of undoped ZnQ is higher when
compared to 2% Sn doped ZnO, because particle size is lesser in fhe first case. But the inhibitory'
activity of 4% Sn doped ZnO is higher than that of undoped and 2% Sn doped ZnO, though
particle size of 4% Sn doped ZnO is larger than the undoped and 2% Sn doped ZnO. From SEM
results, it has been observed that the morphology of the 4% Sn doped ZnO is rod shaped, while
that of the undoped and the 2% Sn doped ZnO was spherical. The inhibitory activity of 6% Sn

doped ZnO is less than that of the 4% Sn doped ZnO, This may be due to the reason that the

particle size is greater in case of 6% Sn doped Zn0Q. It may be concluded that the particle size, Sn

content, and morphology play vital roles in the activity of Sn,.Zn, O nanostructures against all

the pathogens tested.
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Figure 4.8 ZOI produced by (i) 0%, (ii} 2%, (iii) 4%, and (iv) 6% Sn doped ZnO against (A) E.
coli, (B) S. aureus and (C) P. acruginosa.

The influence of Sn doping on the antibacterial activity of ZnO nanostructures against E. coli,
S. aureus, and P. aeruginosa microbial colony growth rate was also investigated. Figure 4.9 (A-
C) shows the effect of SnyZn;.40O nanostructures on the growth.rate of E. coli, S. aureus, and P.
aeruginosa, respectively, It is observed that all the synthesized nanostructures effectively
inhibited the growth rate of S. aureus but is less effective against the other two bacterial strains
tested. The antibacterial activity is probably derived from the interaction of negatively charged

cell membranes and positively charged nanostructures, interaction of metal ions with bacteria, i
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and the orientation of nanostructures [128]. Sn doping has influenced the activity of ZnO
nanostructures against all the bacterial strains tested. The efficacy of ZnO nanostructures against
growth inhibition of these bacterial strains varies slightly with increases in Sn concentration.
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Figure 4.9 Effect of SnyZn.xO nanostructurés on the growth rate of A) E. coli B) S. aureus C)

P. aeruginosa strain.

Sn doping has significantly enhanced the activity of ZnO against S, aureus when compared to

the other two bacterial strains tested. The zone of inhibition produced by 4% Sn doped ZnO is 22
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mm, which is almost 37% more than that produced by undoped ZnO nanostructurcs (14 mm), as
shown in figure 4.10. S, aureus is a bacterium responsibie for various skin diseases which are
hard to treat with traditional antibiotics. S. aureus can also easily contaminate hospital implants
and thereby spread and cause various serious infections [129-131]. ZnQ is a well known material
due to its established use in creams, lotions, antibacterial coatings, and UV proteétors. Therefore,
using 4% Sn doped ZnO nanostructures instead of ZnO in UV protectors, creams, and lotions
will lead to effective control of bacterial infections in addition to their UV blocking properties
(118, 129]. Also, the spreading of infectious discases duc (o bacterial contamination may be

controlled by coating hospital implants with Sn,Zn,,O nanostructures.
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Figure 4.10 Bar graph showing ZOI introduced by SnyZn;.,O nanostructures

4,2.5 Cytotoxicity _ .
To evaluate the cytotoxicity of Sn,Znj O nanostructures, SH-SYSY cells grown in

DMEM with 10% FBS were exposed to Sny,Zn;.O nanostructures for 24 hours and its effect on
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SH-SYS5Y cells was tested. In order to invcstigatc whether Sn,Zn; <O nanostructures supbort cell
survival or not, we performed optical microscopy and quantified the total cell number with and
without SnyZn;«O nanostructures. It is shown in figure 4.11 that there is no significant effect of
Sn,Zn,. 0 nanostructures on the SH-SYSY' cells 'viability. All synthesized samples may be

considered as biosafe because the percentage of damage is very low.
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Figure 4.11 Effect of SneZn;.4O nanostructures on SH-SYSY cells viability
It is also evident from figure 4.12, which was obtained by phase contrast microscopy, that cells

are healthy and have normal morphologies in the samples treated with SnyZn 0.
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Figure 4.12 Phase contrast microscopy of SH-SYSY cells treated with A) undoped, B) 2% Sn
and C) 4% Sn doped ZnO nanostructures.
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Chapter No. 5

Synthesis, Characterizations and Antibacterial Activity of Ag Doped
ZnO Nanorods

5.1 Introduction

Recently, One-dimensional ZnO nanostructures such as nanowires, rods, tubes etc have
fascinated enormous interest bcc_ause of their potential as building blocks for novel nanodevices
[132]. Excellent properties of one-dimensional ZnQ nanostructures such as large exciton binding
energy (60 meV), chemical and thermal stability, direct wide energy band gap (Eg = 3.37 eV),
biosafety and biocompatibility ensure their applications in field-effect transistors, solar cells,
lasers, biological and chemical sensors, photodiodes, optoelectronics, antibacterial 'coating and
anti cancer agents [133-136], Doping ZnO nanorods with suitable metal usually bring
remarkable variations in morphology, electrical and optical characteristics, Silver (Ag) is
considered to be excellent dopant for ZnO to tune its various properties such as electrical, optical
and surface properties (i.e. oxygen vacancies and crystal defects) {137, 133]. Recently, Ozlem ét
al reported that Ag doping creates considerable amount of crystal dcfccts in ZnO nanorods and
as a result significantly enhances its photocatalytic activity [139]. Therefore, it is believed that it
may also enhance the antibacterial activity of ZnO nanorods as crystal defects and oxygen
vacancies can lead to enhanced generation reactive oxygen species (ROS), which play vital roie
in the antibacterial activity of a material [136]. Here Ag,Zn, O nanorods have been successfully
fabricated via chemical co-precipitation technique and investigated their physical properties in
detail. Also, effect of Ag content on the antibacterial characteristics of ZnQ nanorods has been

investigated.

5.2 Results and Discussions
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5.2.1 Structural and morphological investigations
Figure 5.1(a) shows the XRD patterns of Ag,Zn,.xO samples synthesized by chemical co-

precipitation technique. XRD patterns for AgyZni.«O samples grown under the same synthesis

conditions reveal the formation of single phase wurtzite structure of ZnO with no impurities

related peaks.
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Figure 5.1(a) XRD patterns of Ag,Zn ;O nanorods

According to previous reports, incorporation of Ag into ZnO matrix resulted in detectable
peak shifts to comparatively lower or higher 20 values [140] and segregation of Ag at pﬁrticle
boundaries of ZnO crystal resulted in no detectable shift [141]. Figure 5.1(b) depicts the
extended XRD pattems of Ag,.Zn;4O samples. It is clear that, (101) peak of ZnQO lattice shifts

towards higher 26 values with increase in Ag content, suggesting the successful incorporation of
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Ag into ZnO host matrix. This peak shift may be attributed to the differences in ionic radii of Ag
and Zn ions. To get more detailed structural analysis, laftice constants were calculated for all

samples. Lattice constants "a" and "c" were calculated from (100) and (002) planes respectively,

using following equations;

a= . A
v3sind
A
and ¢c= ;';13

The lattice constants "a" and "c" are observed to decrease from 3.247 A and 5.207 A for
undoped ZnO to 3.237 A and 5.187 A for 4% Ag doped ZnO. This decrease in lattice constants

shows the successful incorporation of Ag into ZnO lattice.
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Figure 5.1(b) Extended XRD patterns of prepared nanorods
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Surface morphology of the synthesized samples was studied using SEM. SEM images of
Ag,7n,,O samples are shown in figure 5.2. Undoped ZnO sample exhibits rod like morphology
with average diameter of 96 nm and average length of 700 nm. Ag content significantly

influenced the morphology and diameter of ZnO nanorods as shown in figure 5.2(b).
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Figure 5.2 SEM images of a) Undoped ZnO b) 4% Ag aoped Zn0

5.2.2 FTIR and Raman studies

The chemical nature of the prepared samples was examined using FTIR spectroscopy.
FTIR spectra of ZnO nanorods doped with varying amount of Ag (i.e. 0, 2 and 4 at %) are shown
in figure 5.3. The bands located at 3494 cm™' may be assigﬁed to O-H stretching vibrational
mode, while bands located at 900 cm™ represent the presence of N-O deformation vibration. The
characteristic band of ZnO wurtzite structure appears at 489 cm™ along with an additional band
at 702 cm™ for alf samples. This additional band may be attributed to the fact .that fwo absorption

band appear in infrared region for one dimensional ZnQ nanostructures [12'7]. FTIR spectra
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exhibit no absorption bands related to AgO or AgD,, which suggests high purity of the prepared

samples and corroborate well with the XRD results.
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Figure 5.3 FTIR spectra of synthesized nanorods

Raman spectroscopy is considered to be an effective tool to probe the microscopic
structure and vibrational properties of nanorods. It has the capability to notice the presence of
minor phases in the sample which are not easy to detect with help of XRID). Figure 5.4 depicts the
Raman spectra of Ag,Zn, O nanorods. Raman spectra of Ag,Zn ;O nanorods exhibit four
predominant Raman modes centered at 328, 385, 434 and 574 cm™'. Raman modes centered at
328, 385 and 434 cm™ could be assigned to Egy-Ear, A;™C and Epy phoﬁons modes, respectively.

434 cm™ is the most intense peak in all samples and is the characteristic peak of wurizite
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structure of ZnO [66). The Raman peak centered at 574 cm’! belongs to Ei"® mode and is
significantly red shified as compared to characteristic wurtzite phase j:eak (580 cm™). As this
peak is largely associated with defects therefore a red shift clearly suggests the presence .of large
number of defects such as Zn interstitial and oxygen vacancies [142]). The peak is further red
shifted with Ag doping which suggests enhancement in the number of defects with Ag doping
into ZnO host matrix [143]. Absence of peaks related to Ag dopant rules out the secondary
cluster formation and confirms the successful incorporation of Ag into ZnQ host matrix. Raman

spectroscopy results corroborate well with XRD and FTIR results.
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Figure 5.4 Raman spectra of Ag,Zni.xO

5.2.3 Optical study
UV-visible spectroscopy technique was employed to investigate the influence of Ag

doping on the optical properties of ZnQ nanorods. Figure 5.5 exhibits the UV-visible absorption
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spectra of Ag,Zn; O nanorods. Undoped ZnO exhibits typicai band gap absorption peak
centered at 374 nm (3.31 V) related with wurtzite crystal structure of ZnO [144], For 2% and
4% Ag doped ZnO nanorods exhibits typical band gap absorption peak is centered at 378 nm
{3.28 eV) and 376 nm (3.29 eV), which are red éhiﬁed comparing to undoped ZnO nanorods.
This red shift may be understood on the basis of quantum size effects, as it can be seen in SEM
images that nanorods diameter increases with the Ag doping. Furthermore, it is reported that
substitution of Ag” jons into Zn®* sites results in red shift of typical band gap absorption peak of

ZnO nanorods [145].
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Figure 5.5 UV-visible spectra of prepared nanorods

5.2.3 Antibacterial activity :
To determine and investigate the influence of Ag doping on antibacterial activity of the

prepared ZnO nanorods against E. coli, S. aureus and Pseudomonas aeruginosa; their colloidal
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suspensions were treated with the respective bacterial strains. Ag.Zny.0O nanbrods exhibit
antibacterial activity towards all the bacterial strains tested as shown in figure 5.6. The ZOl
against all the three pathogenic bacteria tested increases significantly with Ag doping as shown
in the bar graph figure 5.7. Ag doping increases the ZOI up to 50%, 50% and 350% againsf E.
coli, S. aureus and Pseudomonas aeruginosa respectively. The ZOL is measure of bactericidal
potency of materials. Hence, remarkable increase in ZOI suggests huge enhancement in the

bactericidal potency of ZnQ nanorods with Ag doping.

To further evaluate the antibacterial activity of the prepared nanorods, growth inhibition
study or time kill essay was employed. Figure 5.8 (a), (b) and {c) shows the growth curves of E.
coli, S. aureus and Pseudomonas aeruginosa in thc.prescncc of AgeZnO nanorods. Control
sample i.e. bacteria grown in the absence of nanorods is also provided for comparison. E. coli
growth is inhibited to some extent by undoped ZnO nanorods and growth inhibition is further
increased by 2% Ag doping. But, 99% E. coli growth is inhibited when it is grbwn in the
presence of 4% Ag doped ZnO nanorods as depicted in figure 5.8 (a). Unddped ZnO rods seem
to be more effective against S. aurens, and inhibits 60 % growth rate of it. While, 4% Ag doped
ZnQ nanorods have inhibited 99% growth rate of S. awreus as shown in figure 5.8 (b). Ag doping
has been found also effective against Pseudomonds aeruginosa as 4% .Ag doped nanorods
inhibited its 99% growth rate as depicted in figure 5.8 (¢). It is concluded from the time kill assay
test that among all prepared nanorods, 4% Ag doped ZnO nanorods sami:le is most effective

against all the bacterial strains tested, which is also the case in dis¢ method.
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(A) E. coli

(B) 8. Aurens

(CY Psenidomionas yeruginose

Figure 5.6 Antibacterial activity of i) undoped ii) 2% Ag doped and iii) 4% Ag doped ZnO
nanorods assessed by disc method
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Figure 5.7 Effect of Ag,Zn,.O nanoreds on the growth rate of A) E. coli B) S. aureus C) P.
aeruginosa strain.

Two possible mechanisms are suggested by several studies regarding the interaction of ZnO
nanomaterials and bacteria. Firstly, decomposition of ZnO resuits in formation of reactive
oxygen species (i.e. HhO,, hydroxyl radicals, singlet oxygen and Zn®* ions), which leads to
harmful interaction with bacteria and causes their death. Secondly, ZnO nanomaterials can
accumulate on the surfaces of bacteria and cause disruption of cellular function and

disorganization of cellular membranes. So, the antibacterial activity of the prepared ZnO
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nanorods may be due to the mentioned mechanisms individually or accumulatively [113]. Mostly
it is believed that with the reduction of particle size the antibacterial activity of ZnO enhances,
on contrary to our results [81, 75]. Only a few reports are available in the literature on the doping
effects on antibacterial activity of ZnQO. A H. Shah et al. have reported higher bioactivity of Ag
doped ZnO nanostructures against M. lewtus and K preumonia bacteria, which is attributed to
decreased particle sizes [146]. 1. Matai et al. also observed enhanced antibacterial activity of Ag»
ZnO nano-composite [147]. But in our case the diameter of nanorods is found to increase with
the increase in Ag doping as shown in the SEM images. This contradiction may be explained
through the incorporation of Ag dopant into ZnQ host matrix, compensating for particle size
effects. Ag doping into ZnO mairix is reported to increase the Zn™ ions release in water
participate effectively in the antibacterial activity [147]. With the substitution of Ag jons on the
sites of Zn ions in host matrix, an increased number of Zn ions are expected on interstitial sites,
The Zn ions can be more easily released from interstitial sites than from their native sites.
Moreover in Ag doped ZnO samples, Ag' ions release may also be possible which may enhance
their antibacterial activity. As from Raman spectroscopy results, it can be seen that Ag doping
results in abundance of defects such as oxygen vacancies and Zn interstitial defects in ZnQC
nanorods. These ions may lead to bacteria cell death via strong electrostatic interactions with the
positively charged cell membranes. Furthermore, defects may increase the formation of ROS
surfaces of Ag doped ZnO nanorods [139] and which can enhance the antibacterial activity
considerably. It has been reported that ZnO can be activated by visible light to enhance the
electron-hole pair generation [148]. Upon reaction with water molecules, these holes can
generate ROS via mechanism discussed by AH, Shah et al. [149] Bﬁt the problem is

recombination of eleciron-hole pair, which can reduce the ROS generation. However, defects in
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ZnO crystal may trap the electron produced and the recombination of electron-hole pair may
effectively be inhibited [150]. Hence, the presence of defects will lead to high degree of ROS
generation. These ROS can penetrate the bacteria cell wall and cause their death [149]. So, from
these discussions it may be concluded that antibacterial activity of ZnO nanorods increases with

the inctease in Ag content which may be atiributed to Zn/Ag ions release and defects.

5.2.5 Cytotoxicity

The understanding of biosafety and biocompatibility of nanomaterials is of immense
interest especially when they are being used for health related applications. Therefore, the
cytotoxicity of the prepared nanorods has been investigated towards SH-SY5Y cells. Figure 5.8

shows the cell viability of Ag,Zn,«O nanorods. It can be seen from the figure that the prepared

nanorods do not influence the healthy cells viability.
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Figure 5.8 Effect of AgyZn; O nanorods on the viability of SH—SYSY cells

72




To further evaluate the cytotoxicity, the prepared nanorods induced effects on the
morphotogy of SH-SY5Y cells has been analyzed by phase contrast microscopy. It has been
observed that both AgyZni O nanorods have not influenced the healthy cells morphology as

shown in figure 5.9.

Figure 5.9 Cell morphology of SH-SY5Y cells after treatment A) Undoped, B) 2% Ag doped and
4% Ag doped ZnO nanorods
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Chapter No. 6

Synthesis, Characterizations and Antibacterial Activity of Ni Doped
ZnO Nanorods

6.1 Introduction

Transition metal doping into ZnQ maﬁ*ix_is believed to be an effective tool to wne its
various properties. Previously, it has been reported that optical and mﬁgnetic properties of ZnO
nanorods can be tuned by transition metal doping [151, 152]. Ni is believed to be an excellent
dopant for ZnQ nanorods in order to change its different properties becaﬁse of its unique stability
at Zn®" sites [153]. It has been reported that Ni doping into ZnO matrix may efficiently reduce
the electron-hole pair recombination chances and lead to enhanced photocatalyti'c: activitjr [154].
The inhibition of photogenerated electron-hole pair may also enhance their antibacterial activity.
To the best of our knowledge, no work has been reported till date on the antibacterial study of Ni
doped ZnQ nanorods. Therefore, ZnO nanorods doped with varying amount of Ni synthesized by
chemical co-precipitation have been invéstigatcd for certain physical properties and antibacterial

activity.

6.2 Results and Discussions

6.2.1 Structural and morphological investigations
XRD technique has been used to investigate the phase purity and crystalline structure of

the prepared samples, Figure 6.1(a) depicts the XRID patterns of NixZnxO samples grown under
the same synthesis conditions. All the diffraction peaks of NixZn;O samﬁles are well indexed to
the single phase wurtzite structure of ZnO. The diffraction peaks intensities are observed to
decrease with the increase in Ni concentration revealing that Ni doping slightly impede the

crystallinity of ZnO.
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Figure 6.1¢a) XRD patterns of NixZn;O nanorods

Furthermore, the main (101) peak shifts towards higher angle with Ni doping as shown in
the figure 6.1(b), which suggests the substitution of Ni?* jons on the sites of Zn" ions. This peak
shift is attributed to the changes in d-values or lattice constants with Ni doping as ionic radii of
NiZ* ions is smaller than Zn?* ions [155]. In addition, no extra peaks related to Ni or any other
impurities are found, which further confirms the successful incorporation of Ni dopant into ZnO
host matrix. To get more detailed structural analysis, lattice constants "a" and "t;" have been
calculated from (100) and (002) planes respectively. The lattice constants "a" and "c" are found
to decrease from 3.247 A and 5.207 A for undoped ZnO to 3.205 A and 5.136 A for 6% Ni

doped ZnO. This decrease in lattice constants may lead to increase in the diffraction angle as

compared to undoped ZnO.
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Figure 6.1(b) Extended XRD patterns of the prepared nanorods

The mormphology of the synthesized samples have been carefully examined using SEM.

Figure 6.2 (a), (b) and (c) depicts the SEM images of Ni,ZnxO samples. As-prepared ZnQ

sample exhibits rod like morphology with average diameter of 80 nm and average length of 1

wm. Interestingly, it is observed that prepared samples undergo significant variation in
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diameter and length of ZnO nanorods with increase in Ni dopant concentration in ZnO host
matrix. The 2% Ni doped ZnO sample has a morphology of nanorods with the average length of
800 nm and 110 nm diameter as shown in Figure 6.2 (a). With further increase of Ni dopant
concentration, the length of nanorods further decreases and diameter increases as shown in

figure6.2 (b) and (c).

20kV  X20.000 Tune 07/MAaRM 4

Figure 6.2 SEM images of a) 2% Ni doped, b) 4% Ni doped and c) 6% Ni doped ZnO
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6.2.2 FTIR and Raman studies
The presence and absence of chemical vibrational modes on the surfaces of NiyZn O

nanorods have been examined by FTIR spectroscopy. FTIR spectra of ZnO nanorods doped with
varying amount of Ni (i.e. 0, 2, 4 and 6 at %) are shown in figure 6.3. The small absorption band
at 900 cm”' corresponds to N-O deformation vibrational mode which might be due to the
atmospheric nitrogen adsorption on the surfaces of synthesized nanorods. The characteristic band
of ZnQ wurizite structure appears at 489 cm™ along with an additional band at 702.0111-1 for all
samples. Recently, it is reported that two absorption bands appear in IR region for ZnO
nanorods. Hence, our FTIR results match very well with the reported one [127]. FTIR spectra
lack absorption bands related to Ni-O band, which demonstrates high purity of the NixZn,.xO

nanorods and corroborate well with the XRD results.
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Figure 6.3 FTIR spectra of NixZn,.xO ZnO nanorods
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Figure 6.4 Raman spectra of Ni,Zn;.,O nanomds.
Figure 6.4 depicts the Raman spectra of the Ni,Zn,..O nanorods which shows a number
of Raman modes in the range of 300 to 800 cm™’. In Raman spectra of undoped ZnO nanorods, a
predominant peak at 434 cm™ corresponds to non-polar optical phonon mode of ZnO (i.e. Ean);
representing band characteristic wurtzite phase of ZnO [151, 152]. This Ey band is present and
most dominant in Raman spectra of all samples revealing the formation of wurtzite phase ZnO

nanorods. The Raman modes centered at 328, 385, 434 and 574 cm™ are assigned to Eoy-Ey,
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A and E,*° phonons modes respectively. [150, 151]. It is very much clear from the Raman
spectra of al! doped nanorods that each and every peak in these spectra can be .well matched with
that of undoped nanorods. The absence of extra of modes in the Raman spectra of Ni doped ZnO
nanorods demonstrate the successful incorporation of Ni into host matrix. There is only one
difference in the Raman spectra of doped and undoped nanorods that is the broadening and red
shifting of E,"° phonons mode band which is raised from the formation oxygen vacancies with
the increase in the dopant concentration. The broadening and red shifting of the Raman mode
may be attributed to the activation and formatibn of structural defects in NiyZn;xO nanorods
[142, 143].

6.2.3 Optical study . :

UV-visible absorption spectroscopy method has been employed to investigate the Ni
doping induced effects on the optic_:al ‘characteristics of ZnQ nanorods. The optical absorption
spectra of the prepared Ni,Zn,..O nanorods are shown in figure 6.5. The spectrum of pristine
ZuO nanorods exhibit band edge absorption peak at 374 nm. The band edge absorption peaks of
Ni doped ZnO nanorods shifts to longer wavelengths (red shifted). The 6% Ni doped ZnO
nanorods band edge absorption peak is centered at 380 nm having red shift of 6 nm. Different
authors explained that red shift in ZnO band edge absorption peak with transition metals doping
could be attributed to sp-d spin exchange interactions between the band electrons of ZnO and the
localized d-electrons of transition metal ions suBstitutiﬁg the cation [156-159]. They explained |
that s-d and p-d exchange interactions could give rise to a negative and a\ positive correction to
the conduction band and the valance band edges respectively, leading to the narrowing of b‘and
gap. Hence, it is concluded that Ni doping induced red shift in band edge absorption peak of ZnO

in our case is due to sp-d exchange interactions.
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Figure 6.5 UV-visible absorption spectra of prepared nanorods

6.2.4 Antibacterial activity
The prepared NixZn; O nanorods have been tested against clinically isolated Gram-

negative Gram-positive bacteria by two different methods. Firstly, agar dis¢ method has been
employed to investigate the influence of Ni doping on ability of ZnO nanorods to rupture the
bacterial cells. Antibacterial activity of ZnO nanorods against the S. aureus and P. aeruginosa
bacteria is found to increase with Ni doping as indicated by the zone of inhibition (ZOI) théy
produced. As it can be seen from figure 6.6 that ZOI produced by ZnO nanorods increases with
the increase in Ni dopant concentration. The observed ZOI for undoped ZnO nanorods is 6 mm
and 12 mm against S. aureus and P. aeruginosa respectively, which is increased up to 14 mm
and 16 mm for 6% Ni doped ZnO nanorods. On the other hand for the E. coli bacteria, ZOI

produced by prepared nanorods slightly decreases with increase in Ni doping’_level. The observed
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ZOI for undoped ZnO nanorods is 11 mm which is decreased up to 9 mm for 6% Ni doped ZnO

nanorods.

(A) E. coli

(B) S. Aureus

(C) Pseudonionas aeruginosa
Figure 6.6 Antibacterial activity of a) undoped b) 2% Ni c) 4% Ni and d) 6% Ni doped ZnO

nanorods assessed by disc method

Secondly, time kill assay technique has been used to investigate the ‘influence of Ni

doping on growth inhibition ability of ZnO nanorods. E. cofi, P. aeruginosa and S. aureus
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bacterial strains growth curves have been recorded in the presence NiyZn;.«O nanorods. Figure
6.7 (a, b & c) shows the growth curves of E. coli, P. aeruginosa and S. aureus respectively afier _
treating them with the prepared nanorods. Control sample i.e. without presence of prepared
nanorods is presented for comparison. In case of E. coli, undoped ZnO nanorods limit its growth
rate to some extent while Ni doped ZnO nanorods has very negligible effect on it. But, for P.
aeruginosa and S, aureus, Ni doping is seen to be very much effective in inhibition of their
growth rate. The 2% and 4% Ni doped ZnO nanorods inhibit almost 50% growth rate of P.
aeruginosa. However, in the presence of 6% Ni doped ZnQ nanorods no growth is observed. The
growth rate of .S. aureus decreases with Ni doping and diminishes on use of 4% and 6% Ni
doped ZnO nanorods. Only few studies are reported on the antibacterial activity of mgtal doped
ZnO nanostructures, M, Vasanthi et al, have reported enhancement in the antibacterial activity of
nanocrystalline ZnO films via Sn doping [159). X. Zhang et al. have observed 95.9%
antibacterial potency of Sb doped ZnO nanostructuses against S. qureus bacteria [160]. Enhanced
antibacterial potency has been reported for Cr doped ZnO nanostructures [149]. Qur results are
more promising comparing to these studies as we have observed complete eradication of P

aeruginosa and S. aureus bacteria by application of 6% Ni doped ZnO nanorods,

Several mechanisms of inhibitory action are proposed for ZnO nanomatetials
antibacterial activity. Firstly, the adherence of the nanomaterials on the surface of bacteria can
lead to physical blockage of transport channels of the cells. This blockage of transportation in
cell may lead to cell starvation and eventually its death [161]. Scéondly, bacterial cell death is
also caused by the oxidation of membranes lipids by excessive ROS production [162]. ROS
could be produced on the surface of ZnO via light induced effects [163). Recently, it is reported

that white light is enough for producing electron-hole pair [164, 165].
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Figure 6.7 Effect of NixZn;«OQ nanorods on the growth rate of a) E. coli, b) S. aureus and ¢)
Pseudomonas aeruginosa strains

ROS can be produced by the interaction of photo generated holes with water molecules _
through a mechanism explained by A.H. Shah et al. [149]. However, this ROS production is |
strongly influenced by the recombination of photo generated electron-hole pairs. But if this
recombination is inhibited then excessive ROS can be produced by ZnO nanostructures.
Recently, it is reported by some research groups that the presence of structural defects in the
system can inhibit this recombination process by acting as trapping centers for phoio generated

electrons (139, 154]. As it can be seen from Raman spectroscopy results that large number of
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defects are introduced in ZnO nanorods with Ni doping. Hence, presence of large number of
defects may lead to higher antibacterial activity of Ni,Zny,O nanorods. In order to confirm
whether the enhanced antibacterial activity of doped nanorods is due to photo induced effects or
not, we have recorded the growth curves for all the bacteria in dark m the presence of
synthesized nanorods colloidal suspensions. From these results, it is observed that antibacterial
activity of Undoped ZnO nanorods in dark is much lower than that observed in normal
laboratory light conditions, Furthermore, Ni doping slightly decreases the antibacterial activity of
ZnQ nanorods in dark conditions which may be due to the larger diameter of doped ZnO
nanorods comparing to undoped. Hence, it is confirmed thﬁt photo induced ROS generation play

important role in the antibacterial activity of the synthesized nanorods.

Secondly, it is reported in the literature that the antibacterial potency of ZnO nanorods
may linked to the amount of free Zn* ions in the solution [110]. Furthermore, it is suggested that
the abundance of Zn’* ions in ZnO nonmaterial’s solution may be significantly enhanced by
metal doping [159]. When metal ions are doped into ZnO matrix, then dopant ions may push the
Zn®* jons towards interstitial sites. The release of Zn** ions from interstitial sites is effortless in
comparison with their release from local sites. Hence, release of more Zn*" ions in doped ZnO
nanorods solution as compared to undoped nanorods is logical. Thct:fore, the increase in the
antibacterial potency of ZnO nanorods against P. geruginosa and S. aureus may be c_:reditcd to
enrichment in ROS generation and Zn®" ions with Ni doping. Here, a question arises that why
antibacterial activity of ZnO nanorods towards E. coli does not increase with Ni doping. On the
basis of direct interactions of nanorods, it can be understood because diameter of nanorods
decreases with Ni doping which may to some extant reduces ZnO capability against E. coli, But

why the same effect is not seen against Pseudomonas aeruginosa and S. aureus. This difference
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in the antibacterial activity of Ni doped ZnO nanorods against different bacterial strains may be
due to the difference in cell wall integrity or membrane structure of the respective bacterium,
Also, various bacterial strains have significantly different infectivity and tolerance towards
different agents including antibiotics [159]. Recently, A, Jain et al reported that E. coli bacterium
is more resistant to ROS generation as compared to S. gureus because of the presence of extra
outer membranes and lipopolysaccharide in E. coli, which are not present in case of . aureus
[165, 166]. Another report suggests that S. aureus has smaller negative charge as compared to E.
coli, which would allow a high level of penetration of charged radicals into S. aureus [166]. This
would cause more damage and cell death of S. aureus than E. coli.
6.2.5 Cytotoxicity |

The SH-SYS5Y «¢ells have been used to probe the cytotoxic nature of the NixZn O
nanorods on heaithy cells. Figure 6.8 shows the cell viability of SH-SY5Y cells after treatment
with the prepared nanorods. It is observed that the number viable healthy cells remain saﬁe after
treatment for 24 hours. This demonstrates the biosafety and biocompatibility of the synthes.ized

NixZn;«O nanorods.
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Figure 6.8 Effect of NiyZn;.xO nanorods on the viability of SH-SYSY ceils
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Phase contrast microscopy has been employed to investigate the prepared nanorods
induced effects on the SH-SYS5Y cells morphology. It has been observed from figure 6.9 that the

nanorods do not alter the cell morphology. Hence, the synthesized NixZn;xO nanorods may be

considered as biosafe and biocompatible.

Figure 6.9 Cell morphology of SH-SYSY cells after treatment with A) 2% Ni doped, B) 4% Ni -
doped and C) 6% Ni doped ZnO nanorods
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Chapter No. 7

Synthesis, Characterizations and Antibacterial Aétivity of Ce Doped
CuO Nanostructures

7.1 Introduction

CuO is an interesting multifunctional narrow band gap p-type semiconductor having
tremendous physiochemical properties [36]. CuQ can be readily mixed with polymers
comparatively than the other metal oxides. The polymers mixed with CuO nanostructures can be
used for dressing of wounds and coating of the hospital implants. This '.will effectively enhance
the wounds healing rate and control the spreading of infectious diseases [86]. Vario.aus studics
have demonstrated the antibacterial activity of CuO nanostructures [120]. Several mechanisms
underlying the antibacterial activity of CuO nanostructures have been reported .such as adherence
to the bacterial cell, release of Cu ions and reactive oxygen species (ROS) generation on the
surfaces of nanostructures [86]. The ROS generation is reported to be significantly increased by
the creation of defects in the metal oxide structure [ﬁ'?]. The selective metal doping into metal
oxide matrix can lead to the creation of large amount of structural defects (such as oxygen
vacancies and interstitial defects) [167]. Only two studies are available in the literature about the
doping induced effects on the antibacterial activity of CuQ nanostructures. I has been reported
in those papers that zinc doping of CuO nanostructures can lead to highcr ROS production due to
structural defects thereby increasing their antibacterial activity [86, 168]. But, Ce doping induced
effects on the antibacterial 5ctivity of CuO nanostructures has not been yet reported. In this
chapter, facile chemical synthesis of Ce,Cu;.,O nanostructures, their physical properties as well

as antibacterial activity have been discussed.

7.2 Results and Discussions
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7.2.1 Structural and morphological investigations
The structural characteristics of the prepared samples have been investigated through

XRD. Figure 7.1 depicts the XRD patterns of Ce,Cui O samples grown under the same
synthesis conditions. From XRD data, only diffraction peaks of the CuQ monoclinic structure
can be found. No characteristic peaks are observed related to the secondary phases of ceria,
hence confirming the formation of single phase CuQO monoclinic structure for doped and
undoped samples. The most intense peak i.e. (111), systematically shifts towards lower 26 values
with Ce doping (shown in the inset of figure 7.1) which reveals the successful doping of Ce ions

into the host matrix,
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Figure 7.1 XRD patterns of the prepared samples
The morphology of the synthesized CeCu14O samples have been éxamined through

SEM. Figure 7.2(a-d) shows the SEM images of CeCuy.,O samples. SEM images reveal the
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formation of rod-like nanostructures having average diameter of 30 nm incase of undoped CuO.
Interestingly, it is observed that upon Ce doping the morphology of CuO nanostructures is
transformed into sheet-like nanostructures. The thickness of sheet-like nanostructures is observed
to increases gradually with the increase in Ce doping' concentration. This 'morphological
transformation may be attributed to the successful incorporation of Ce jons into CuQ matrix. The
chemical reactivity of an element significantly increases with the decrease in Pauling electro-
negativity [169]. The Pauling electro-negativity of Cu (1.9) is much higher as compared to that
of Ce (1.1). Hence, Ce doping may enhance the growth rate of CuO nanostructures and cause

morphologicai transformation.
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Figure 7.2 SEM images of (a) Undoped CuO, (b) 2% Ce, (c), 4% Ce and (d) 6% Ce doped CuO
samples
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7.2.2 FTIR and Raman investigations
The presence or absence of vibrational modes on the surfaces of the prepared

nanostructures has been investigated using FTIR analysis. Figure 7.3 depicts the FTIR spectra of
the synthesized nanostructures, FTIR spectra of CuO nanostructures show single characteristic
strong peak at 529 cm’ associated with Cu-O stretching vibrations of monoclinic CuO, which
match very well with the reported values [169]. With the Ce doping, this mode undergoes
systematic blue shift towards 537 em™. The blue shift in IR band with Ce doping may be linked
with the variation in surface defects {170). Furthermore, vibrational medes related to Cu,O, and
Ce(, are not detected confirming that ali the prepared samples comprise of purely monoclinic

CuO phase. Thus FTIR analysis confirms the XRD results.

= Undoped CuQ

——2% Ce doped CuO
s 4% Ce doped CuQ
—— 5% Ce doped CuO
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Figure 7.3 FTIR spectra of the prepared nanostructures
The study of phonons in nanomaterials is very important because the interaction between

phonon and electron plays vital role in the optical characteristics of a material. Raman
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spectroscopy is a strong too} to examine the vibrational, structural properties and defects
chemistry of CuQ nanostructures. CuO always crystallizes in monoclinic structure which is
illustrated by C%y (CY/c) space group. CuO have 12 phonon vibrational modes at the zone
centered described the following equation as follows:

I'=4A, + 5B, + Ag + 2B, (7.1)

The three (A; + 2B;) modes are Raman active, while three acoustical modes are
represented by (A, + 2B,) and the remaining 6 modes are infrared active. Figure 7.4 depicts the
Raman spectra of undoped and Ce doped CuO nanostructures which contains Raman active
modes at 278, 310 and 625 cm™" which are assigned to one A; and two B, modes respectively.
The peak positions of all the Raman active modes are blue shifted as bompamd to.that of bulk
CuO, which may be attributed to the particle size effects [171]. The peak at wa\.;e number of 508

em™’ may be linked with multi-phonon scattering mode [172].
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Figure 7.4 Raman spectra of the synthesized nanostructures
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7.2.3 Optical study _
The Ce doping induced effects on the optical properties of CuO nanostructures have been

explored using UV-visible absorption spectroscopy. Absorption spectra of CexCujxO
nanostructures have been recorded in the Waireiength range of 200-800 nm and shown in figure

7.5,

- wmees Undoped CuO - - |
| 2% Ce doped CuO
o e 4%, Ce doped CuO |

- g% Ce doped CuO |-

Absorbance (a.u.)

300 400 s0 800 ' foo _ 800
1,(nm)'j__l"_""_ o S
Figure 7.5 UV-vis absorption spectra of the synthesized nanostructures
The absorption spectra of undoped CuO nanostructures show broad absérption peak in
the UV region at 380 nm. The CuO nanostructures doped with 2 and 4% Ce show a slight red
shift in the absorption peak whereas 6% Ce doped sample exhibit no shift as compared to that of
undoped CuO nanostructures. Moreover, it is observed that undoped CﬁO strongly absorbs the
light in UV region and weakly in visible region. But all Ce doped CuO samples exhibit
significant light absorption in the visible region. This remarkable absorption of light in the

visible region and the red shift in absorption edge may be attributed to the following reasons: 1)
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the Ce doping may reduce the band gap of CuQO and electron from the valence band éan be
excited to conduction band by absorbing visiﬁlé fight, 2) interaction between the 4f electrons of
Ce and conduction band electrons of CuO[173). |
The optical band gap of undoped and Ce doped CuO nanostructures have been estimated using
the following relation [174];

{ohv)" = B(ho-E)

In this relation a is the absorption coefficient, ho is the photon energy, B is a constant, E;
represents band gap energy and n can either take up value 2 for direct band gﬁp or 1/2 for
indirect band gap. Here, n is taken 2 for calculation of the direct band gap encrgies of the
prepared nanostructures. The band gap energies of undoped and Ce doped CuO nanostructures
have calculated by plotting («ho) ® versus ho and extrapolating the linear part of the curves to the
energy axis. The direct band gap energy of undoped CuQ nanostructures is observed to be 2.48
eV, which is much higher as compared to band gap of 1.2 eV of bulk CuO [25]. This
enlargement of CuQ band gap may be assigned to quantum size effects as discussed in
introduction section. Previously, band gap energy of 4.13 ¢V has been reported for quantum dots
of CuO having average particle size of 10 nm [25]. The band gap energy of CuO nanostructures
has been found to decrease down to 2.2 eV with Ce doping as shown in figure 7.6. This may be
explained as follows: the Ce dopant may produce a distinct impurity band into the band gap of
ZnO by its 4f5d electrons localized states, which may broaden due to the overlap of the wave
functions of the adjacent dopﬁnts electrons [175-177]. This impurity band can merge with the
bottom of the conduction band at sufficient dopant concentration level. The merging of impurity
band with conduction band may cause the reduction of the band gap [178]. Such discussions are

recently reported for Ce doped ZnO and GaN {178, 179]. Furthermore, the decrease in the band




gap may be associated with charge transfer between the conduction or valence band electrons of
CuO with 4f54 electrons of Ce** ions. This charge transfer may create trapping levels in the Ce

doped CuQ nanostructures which can decrease the band gap of CuO [180].

Undoped CuO :
w—— 2% Ce doped CuO
s 4% Ce doped CuO
——e 8% Ce doped CuQ

e
é B
=
e
Ll { .|'.|.|'.|..:.|_'.-|'..1._
10 15. 20 285 30 35 4.0_.' 485 50 55 60 65 7.0

hu (eV)
Fi gure 7.6 Direct band gap energy estimation of CexCu;_O nanostructures

7.2.4 Antibacterial study
Ce doping induced effects on the antibacterial activity of CuO nanostructures have been

investigated. Figure 7.7 (a & b) represents the growth curves of E. coli and S. aureus in the
presence of colloidal suspensions of CexCui. O nanostructures, Undoped CuO nanostructures
have delayed the growth of E. coli for 4 hours and decreased it afterwards. The growth inhibition
capability of CuO nanostructures against E. coli is observed to increase significantly with th;:
increase in Ce doping level. 6% Ce doped CuO nanostructures inhibit almost 90% growth of E.

coli as shown in figure 7.7 (a). The prepared undoped and Ce doped CuQ nanostructures are
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found to be more effective against S. aureus than E. coli. 65% growth of S. aureus is inhibited by
application of undoped CuO nanostructures and is observed to increase significantly with Ce
doping. It is found that the multi-drug resistant S. aureus bacterium can be completely eradicated

by the application of 6% Ce doped CuQ nanostructures as shown in figure 7.7 (b).
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Figure 7.7 Growth Curves for (a) E. coli (b} S. aureus bacterial strain in the presence of CexCu,. |
x nanostructures

Several mechanisms of action have been proposed for the inhibition of bacteria by metal
oxides nanostructures such as; direct electrostatic interaction between nanostructures and
bacteria cell wall, photoactivation of metal oxides and the generation of reactit;e oxygen species
(H,0,, hydroxyl radicals and singlet oxygen) or release of metal ions in the suspension [81, 86].

Here, a question arises that why the antibacterial of CuQ nanostructures is increased with the
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increase in Ce dopant concentration. This enhancement may be atiributed two reasons. 1) The Ce
doping may enhance the ROS generation capability of CuQ nanostructures. CuO nanostructures
can be activated by white light to generate electron-hole pair. Upon reaction with water
molecules, these holes can generate ROS via mechanism as earlier for ZnO. But the problem is
recombination of electron-hole pair, which can reduce the ROS generation. In case of Ce doped
CuO samples, the probability of electron-hole pair recombination may be reduced due to the
trapping of electrons by Ce ions via following process [180]:
Ce* +e— Ce*

Ce?ﬂ' +02_} 020 +Ce4+

Hence, the enhancement in the antibacterial activity of CuQO nanostructures with Ce

doping may be credited to the electrons trapped in the Ce sites. The trapping of electrons will
lead to more ROS generation, resulting in higher antibacterial activity of Ce doped CuO
nanostructures. 2) The antibacterial activity of CuQ nanostructures is also associated with the
release of Cu®* jons in the solution {92]. With the substitution of Ce* jons for Cu® ionﬁ in the
host matrix, there is a possibility that some Cu®" ions will accommodate on the interstitial sites.
And it is logical to expect release of more Cu®* ions in the solution because ions can easily be

released from interstitial sites comparing from native sites. Furthermore, Ce* jons may also be

released in the solution in case of Ce doped CuO nanostructures. Thus, Ce doping will enhance

the release of Ce* and Cu®’ ions leading to higher antibacterial activity of Ce doped CuQ
nanostructures.
7.2.5 Cytotoxicity

Nanomaterials can be used as potential antibacterial agents only if they exhibit toxicity
towards bacteria but not towards healthy human cells. Thus, understanding about the cytotoxicity

of the nanomaterials is essential before their application in biomedical sector. Therefore, the
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cytotoxicity of the prepared nanostructures has been investigated on human cell line SH-SY5Y
cells, SH-SY5Y cells have been treated with synthesized Ce,Cu;.,O nanostructures for 24h and
number viable cells were recorded under optical microscope. The prepared nanostructures have
no significant effect on the viability of healthy cell line as shown ip figure 7.8. To support these
results, phase contrast microscopy has been used to evaluate the effects of synthesized
nanostructures on the morphology of the SH-SY5Y cells. It can be seen from figure 7.9 th:;t both
undoped and Ce doped CuO nanostructures have altered the cell morphology to some extent. But
no significant effects have been observed on cell count. Hence, the prepared nanostructures may
be considered biosafe and biocompatible towards the tested cell line. These findings suggest that
the Ce doping has significantly enhanced the antibacterial activity of CuO nanostructures both
against Gram-negative E. coli and Gram-positive S. aurcus bacteria but have a non toxic nature

towards SH-SY3Y cells.

Effect of Ce doped CuO on SH-SYSY cells
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Figure 7.8 Effect of CexCu, <O nanostructures on SH-SY5Y Cells
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Figure 7.9 Phase contrast microscopy images of the SH-SY5Y cells after treatment with the

prepared nanostructures {circles show morphological variation)




Conclusions

The core objectives of this thesis were to fabricate and characterize different MOs
nanostructures and to choose best MO in terms of its physical properties and bioactivity.
Furthermore, tuning of the physical properties especially, defects chemistry and optical
properties for improving its biological performance. To achieve these objectives, four different
MOs nanostructures such as ZnQO, CuQ, Sn0; and CeOshave been synthesized by a simple, cost
effective, versatile and easily reproducible soft chemical method under the same conditions with
controlled particle sizes and shapes. The syathesized MOs nanostructures have been
characterized for various physical properties such as structural, mmphologiaal, vibrational and
optical properties. Furthermore, their antibacterial activity has examined against different multi-
drug resistant bacteria. It has been observed that ZnO nanostructures have the highest

antibacterial potency among all MOs nanostructures,

Keeping in view the physical properties and antibacterial activity, ZnO nanostructures
have been selected and tuned their various physical properties via selective chemical doping. As
chemical doping is one of the most effective and easy way for this purpose. ZnO nanostructures
have been doped with different metals such as Sn, Ag and Ni. The detailed structural
investigations have been done and it is observed that all dopants have been successfully doped
into ZnO host matrix without creating any secondary phases. The dopants have varied tﬁe
structural characteristics of ZnO such as crystallite size, lattice parameters and crystalline quality
of ZnO but hexagonal wurtzite structure of host ZnO is maintained for all doped nanostructures.
The morphological analyses of the undoped and doped nanostructures have been carried out via
| SEM. It has been observed that Sn doping transforms the particle shape of ZnQ from sphericai to

rods. Furthermore, Ag and Ni dopants have also varied the morphology of ZnO and also varied
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the particle size. The morphological transformation and variation in particle sizes have been
attributed to various factors such as difference in their Pauling electronegativities and dipolar
interactions between host ions and dopant ions due to polar crystal nature of ZaO along c-axis. It

is conciuded from FTIR results that in case of spherical nanoparticles, ZnO gives one peak in IR

region while two peaks for nanorods. These are very interesting findings as morphological‘

transformations can be judged with help of IR spectroscopy. The vibrational propertics of
undoped and all doped ZnO nanostructures have been studied with Raman spectroscopy. Raman
spectroscopy results also supported the successful incorporation of dopants in ZnQC matrix and
corroborated well with XRD and FTIR resulis. It has further indicaied the formation of crystal
defects in ZnO host matrix with metal doping. The Ag dopant among all the dopants has béen
found to create the largest amount of defects such as Zn interstitial and oxygen vacancies, It has
been concluded from the study of the opticﬁl investigations that the doping of ZnO
nanostructures is very effective for tuning their optical bandgap edge. The Sn and Ag dopants
have increased the bandgap energy of ZnO nanostructures while Ni doping resulted in decreased
band gap energy. This tuning of bandgap energies have been attributed to the quantum
confinement effects and sp-d exchange interactions. The tunable bandgap energies and defects
concentration make these nanostructures potential for various applications such as UV
absorbents, sunscreens, light emitting diodes, solar cells, photo-catal)nic degradation of
pollutants, field effect transistors, targeted drug delivery, anticancer agents and antibacterial

activity.

It has been concluded from antibacterial studies that all the dopants have increased the
antibacterial activity of ZnO nanostructures remarkably. This remarkable increase in the

antibacterial activity can be associated with the particle size and shape, tunable optical and
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defects characteristics of doped ZnO nanostructures. It has been observed that particle size and
rod-tike morphology are more effective as compared to other shapes of nanostructures.
Furthermore, ROS generation and soluble metal ions also play a major role in the antibacterial
activity of ZnO nanostructures. If ZnO nanostructures have more defects then it inhibits the
photo-generated electron-hole pair which leads to higher amount of ROS geqeration as a result
there is higher antibacterial activity. This is why Ag doped ZnO nanorods have been observed to
have highest antibacterial activity among all synthesized nanostructures. Finally, from
cytotoxicity results it have been concluded that both undoped and metal doped ZnO
nanostructures are biosafe and biocompatible whic..‘.h makes them potential for various biomedical
applications such as targeted delivery, antibacterial coating of hospital implants, wound dressing

matetials and UV sunscreen creams and lotions.

Finally, in ordered to have better antibacterial activity against Gram-negaﬁve bacteria
(ZnO has showed less activity against Gram-negative as compare with Gram-positive bacteria),
CeCu; O nanostructures have been prepared via same procedure as adopted for ZnQ baséd
nanostructures. As CuQ has wide absorption band in range of UV to visible so it was expected to
have better photo-degradation of Gram-negative bacteria as compared to other MOs. The
structural investigations have shown the formation of a s.ingle phase monoclinic structure of CuO
for all samples. The SEM images have revealed the formation of rod-like CuO nanostructures
with an average diameter of 30 nm. The FTIR spectra of undoped and Ce doped CuQ
nanostructures have shown a single characteristic strong peak associated with the Cu-O
stretching vibrations of monoclinic CuQ. The bandgap energy of CuQ nanostructures has been
found to significantly decrease with Ce doping. The Ce doped CuQ nanostructures have been

observed to be more effective than the undoped CuO nanostructures both against Gram-negative
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and Gram-positive bacteria. Interestingly, it has been found that S. aureus and Pseudomonas
aeruginosa bacteria can be completely eradicated by application of Ce doped CuO
nanostructures. Cylotoxicity results have demonstrated that all the prepared nanostructures of

CuO are also biosafe and biocompatible to healthy celis.
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