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Abstract

Cobalt ferrite (CF) has an inverse spinel structure. It has the general formula AB,O,,
in which A and B are metal cations, whereas O is an (O%) anion. It exhibits several
unique properties, e.g., dielectric, magnetic, optical, and catalytic properties, because
of its exceptional molecular shape and hence can be used for various applications.
These properties depend upon the distribution of ions between tetrahedral and
octahedral sites. Their properties can be altered via doping/substitution. It provides a
tool using which CF with desired properties can be synthesised. Several methods have
been developed to dope CF, for example, sol-gel, co-precipitation, hydrothermal, and
microwave hydrothermal methods, to name but a few. Here, we have synthesised a

series of Cu-Ag, Ag-Zn, Cu-Zn, Bi-Ag, and Bi-Zn co-doped CF via the sol-gel route.

These as-prepared samples were characterised using various Advanced Materials’
Characterization Techniques. The X-ray diffraction (XRD) technique was used to
study the crystalline nature of the samples. The presence of different functional
groups in the samples was analysed via Fourier Transform Infrared (FTIR)
spectroscopy. The Field Emission Scanning Electron Microscopy (FESEM) technique
is used to study the morphology of particles, whereas Energy Dispersive X-ray (EDS)
spectroscopy used for elemental analysis of the samples. Vibrating Sample
Magnetometer (VSM) was used to study the magnetic properties of the samples.
Thermal properties of samples were studied using Differential Scanning Calorimeter
(DSC) and Thermogravimetric Analysis (TGA).

XRD results confirmed the formation of simple cubic crystals. The existence of
dopants in molecules was also evident from XRD data. The level of doping in the
samples of cobalt ferrite nanoparticles (CF-NPs) changes their crystallite sizes and
lattice parameters. The ionic size differences between dopant/s ions and host-ions
were also responsible for these changes. The position of absorption bands in the
infrared spectrum was used for the identification of different chemical components
present in the compound. FTIR studies suggested that doping and co-doping did not



disturb the octahedral shape of the spinel. It also shows the minor shift in the

absorption bands in doped and co-doped CF-NPs as compared to un-doped CF-NPs.

Co-doping changes the magnetic properties of these materials drastically.
Superparamagnetic CF-NPs were formed upon co-doping. It confirmed the change in
saturation magnetisation as well as coercivity values. The hysteresis curve of the co-
doped sample exhibits high saturation magnetisation and low or negligible coercivity.
Zero coercivity is responsible for the change of ferromagnetic CF-NPs into
superparamagnetic CF-NPs. The superparamagnetic materials can be used in different
biomedical applications, such as gene delivery, drug delivery, Magnetic Resonance

Imaging (MRI) and the antibacterial study of samples.

The FESEM images of all the co-doped samples show the presence of agglomerated
particles. The Cu-Ag co-doped sample shows the presence of pentagonal-shaped
particles with clear edges and surfaces. A few wrinkles can also be observed at the
surface of these particles, while the Ag-Zn co-doped sample shows the presence of
particles of clear and rounded edges with angular morphology, and the FESEM
images of Cu-Zn co-doped CF-NPs show the presence of particles of brick-like shape
with rounded edges and angular morphology. The Bi-Ag co-doped sample shows
hexagonal-shaped particles with sharp and clear edges, while the images of Bi-Zn co-

doped CF-NPs represent particles with rounded and angular edges.

Energy dispersive X-ray (EDS) spectroscopy is used to detect the elemental
composition of the samples. It is used for quantitative and qualitative analyses.
Elemental mapping identified the presence of elements in the sample, while
quantitative analysis was performed to examine the elemental quantities such as
atomic percent and weight percent of the sample. EDS is a “semi-qualitative” as well
as “semi-quantitative” method of analysis, as it analyses only the surface of the

sample.

The thermal properties of the samples were investigated using the Thermogravimetric

Analyzer (TGA) and Differential Scanning Calorimeter (DSC) techniques. The results

Vv



of TGA demonstrated that all the samples were thermally stable, as no thermal event
was observed in any of the samples. The absence of any substantial loss in weight also
demonstrates the absence of substantial amounts of impurities in the samples.
Although a small, gradual loss in weight was observed in almost all the samples, this
might be due to the loss of residual water. Possibilities of loss of absorbed and
adsorbed water cannot be evaded. The presence of residual organic substances, e.g.,
citric acid, which was used as fuel during the reaction, cannot be avoided. The
residual nitrate and hydroxyl groups may also be responsible for this observation.
Similarly, the results of DSC also did not show any thermal events, showing that there

was no change in phase in the given temperature range (room temperature to 440 °C).

Preparation of composites is another way to modify the properties and, hence,
applications of the materials. The ZnO/Ag composites of these CF-NPs were also
prepared through the mortar-pestle grinding method. The grinding technique is an
important aspect of mechanochemical synthesis or reactions. It can be done using a
mortar and pestle. The main advantage of the mortar-pestle grinding method is that it

does not require sophisticated laboratory infrastructure.

The antibacterial activities of the samples were studied using the Agar disk diffusion
method. The antibacterial agents can combat communicable diseases. However, the
extensive use of antibiotics created drug-resistant bacteria. This will cause serious
health problems in humans. This problem inspired researchers to create novel
materials that can combat infectious diseases. Magnetic nanoparticles can play an
effective role here to address this issue. These nanoparticles can be used in various
biomedical applications, including gene delivery, biosensors, and drug delivery. Apart
from this, these particles can also be used for catalysis in the fabrication of optical
devices, superconductors, and fuel cells. The composites show better antibacterial
activity than the doped and co-doped CF-NPs. The antibacterial activity test was
performed using the Agar disk diffusion method. We were used clean filter papers for
the creation of circular disks that were used for this purpose. Antibacterial activities
were carried out on all the samples, including composites. The formation of clear

zones of inhibition confirmed that the samples exhibit antibacterial properties. These
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tests were carried out against Bacillus paranthracis and Bacillus nitratireducens. Co-
doping enhanced the antibacterial activity of CF samples. The antibacterial activity in
each pair of co-doped samples of CF-NPs increased with an increase in the level of
doping. Although all the samples demonstrated their antibacterial activities, the
sample co-doped with bismuth and silver showed the best results, i.e., zone with the
largest diameter was observed, whereas the composite of co-doped CF-NPs with

copper and silver created the largest zone of inhibition.
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Chapter 1

Introduction

1.1 Background of the project

Magnetic nanoparticles (MNPs) have acknowledged distinct attention since last few
years *. MNPs show remarkable potential in various applications due to their unique
properties. These nanoparticles (NPs) can be used as catalyst, in environmental
remediation as well as in biomedicine 3. Generally, the different class of MNPs
contains metal, bimetal, and superparamagnetic iron oxide nanoparticles *. Ferrite
nanoparticles (FNPs) are magnetic in nature . Spinel ferrites (SFs) are iron oxides °.
The distribution of metal cations among octahedral and tetrahedral sites change their
properties . Inverse spinel cobalt ferrite (CF) is one of the classes of spinel ferrites ®°.
CF is hard magnetic material that shows unique properties like moderate saturation
magnetisation, high coercivity, high anisotropy constant, chemical stability, and good
insulation 3!, The magnetic properties of these materials can be changed with
change in heat treatment, magnetic annealing, and high compressed pressure 2.
Doping can improve their structural, optical, dielectric, and magnetic properties .
Cobalt ferrite nanoparticles (CF-NPs) doped with one or more metal ions can modify
their physical, chemical, and antibacterial properties ®**. The distinct properties of CF
are responsible for their different applications like memory core, in high frequency

devices, as a recording media, and in various biomedical fields *°.

Different research groups developed/used different routes of synthesis to synthesise

FNPs. These materials can be synthesised via microwave-hydrothermal ©,

10 | 7, co-precipitation %, green

conventional and microwave combustion *°, sol-ge
synthesis *°, auto-combustion %°, and citrate precursor technique 2 etc. to name but a
few. We used the sol-gel method in our work to prepare CF-NPs due to its simplicity.
This method yields homogeneous samples of uniform grain sizes and allows the

reaction to occur at room temperature 22.



Preparing composites is another way to control the materials’ properties 2. The
composite produced small sized particles than by the ingredients that were used to

make it. It provides large surface area and exhibits improved properties .

The pathogenic microorganism infections are responsible for more deaths than all
other causes. They pose a major threat to the health care industry. Antibiotics mostly
treat bacterial infections. However, the extensive use of antibiotics created drug-
resistant bacteria. This will cause serious health problems in humans. Research on
novel and potent antibacterial drugs has evolved as a result of the growing concern

over antibiotic-resistant microbes as a health risk 2.

To our knowledge, co-doping of cobalt ferrite with ‘silver (I) and copper (II)’, ‘zinc
(IT) and silver (I)’, ‘copper (II) and zinc (II)’, ‘silver (I) and bismuth (III)’, and ‘zinc
(II) and bismuth (III)’, via sol-gel route has not been done yet. The novel ZnO/Ag
composites of these CF-NPs were also prepared through mortar-pestle grinding
method. Apart from this not much work has been carried out to study the antibacterial

activities of magnetic materials.

In this study, a series of ‘silver (I) and copper (II)’, ‘zinc (II) and silver (I)’, ‘copper
(I) and zinc (IT)’, ‘silver (I) and bismuth (III)’, and ‘zinc (1) and bismuth (III)* co-
doped CF-NPs were successfully synthesised by using the sol-gel route. The
synthesised un-doped, doped/co-doped CF-NPs were analysed through XRD, FTIR,
VSM, FESEM/EDS, TGA and DSC. The antibacterial activities of synthesised CF-
NPs and its ZnO/Ag composites analysed here against the bacteriae Bacillus

paranthracis and Bacillus nitratireducens using Agar disk diffusion test.

1.2 Dissertation layout

A brief introduction of the work is presented in Chapter 1. Chapter 2 describes the
literature review. Chapter 3 is about the materials and methods used in this work, while
Chapter 4 is about the objectives and research gap. Chapters 5 to 9 describe the results

and discussions along with the conclusions.



Chapter 2

Literature review

2.1 Introduction

A set of literature has been reviewed to find out the research gap. We also studied
several books and book chapters to understand the basic concepts related to it. We
have discussed all of them systematically in this chapter to provide a logical and

scientific background for our research work.

Several important concepts related to this work are discussed in this chapter; for
example, a brief overview of ferrite nanoparticles is given in sec. 2.2. Origin of
magnetism in materials (sec. 2.3), classification of magnetic materials (sec. 2.4),
classification of ferrites (sec. 2.5), properties of ferrites/cobalt ferrite (sec. 2.6),
applications of ferrites/cobalt ferrite (sec. 2.7) are discussed in sections 2.3 to 2.7
respectively. Basic concepts of doping are presented in sec. 2.8. Routes of synthesis
of doped ferrites are reviewed briefly in sec. 2.9. Doping of cobalt ferrite
nanoparticles (CF-NPs, see sec. 2.10), explanation of routes of synthesis of doped CF-
NPs (sec. 2.11), doping of CF-NPs with 3d-series and 4d-series elements of Periodic
Table (sec. 2.12), CF-NPs doped with rare earth elements (sec. 2.13), CF-NPs doped
with representative elements (sec. 2.14), CF-NPs doped with non-metals (sec. 2.15),
CF-NPs doped with more than one element (sec. 2.16), applications of co-doped CF-
NPs (sec. 2.17), composites of CF-NPs (sec. 2.18) are described in sections 2.10 to
2.18 respectively. Antibacterial activities are presented in sec. 2.19, and sec. 2.20

concludes the chapter.

2.2 An introduction of ferrite nanoparticles

The term ‘nano’ stands for number ‘nine’. One nano meter is equal to 10° m.
Nanotechnology is an umbrella term. It encompasses science and technology related
to synthesis, characterization, and further processing of nanomaterials 22,
Nanomaterials can be classified as follows:

e Materials having all dimensions in nanometer-scale are ‘Zero-dimensional’



nanomaterials. Example: nanoparticles *°.
e Materials having any one dimension in nanometer-scale are ‘One-
dimensional’ nanomaterials. Example: nanofibers 2°.
e Materials having any two of the three dimensions in nanometer-scale are
called ‘Two-dimensional’ nanomaterials. Example: nanosheets 2°.
e Materials having more than 100 nm in size are ‘Three-dimensional’
nanomaterials. Example: nanoflowers, agglomerated nanoparticles®.
Nanotechnology caught attention with the discovery of fullerene molecule. It is an
allotrope of carbon. Sixty carbon atoms are joined together by covalent bonds in
fullerene. The structure of this molecule was proposed by Roger Buckminster Fuller.
He was an architect as well as a well-known author 2°®, Here, we have prepared
‘ferrite nanoparticles (FNPs)’. Ferrites are oxides of iron *. They are magnetic in
nature %%, The general formulae of these materials are AB,O4, where both ‘A’ and
‘B are metal cations and ‘O’ is negatively charged oxide (O%) ion *. Most probably,
lodestone (magnetite (FesO,)) is the first known naturally occurring magnetic material
%334 Origin of magnetism in materials is discussed in the following section (see sec.
2.3).

2.3 Origin of magnetism in materials

A charged particle with an angular momentum produces magnetic moment %. Atoms
of materials also have charged particles viz. protons and electrons “. Electrons
revolving around nucleus behave like tiny loop of electrical current. Spinning
electrons and nucleus also behave like small magnets (see fig. 2.1) %.

Magnetic Magnetic

moment moment
" N

Electron
/

A

Electron \

Direction of spin

Atomic nucleus

Fig. 2.1 Magnetic moments generated within a material because of
a) motion of electrons in different orbits of atom, b) spin of electrons %
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These tiny electrical currents are responsible for generation of magnetic field at
atomic scale. These electrons also have spin motion along their axis which produces
another magnetic moment. Hence, each electron of any material can be considered as
a small magnet having permanent spin magnetic moments as well as orbital magnetic
moment. The net magnetic moment of an atom is the sum of the magnetic moments of
each of the constituent electron, (including both orbital and spin contributions), and
considering cancellation of magnetic moments. Nuclear spins can also induce
permanent magnetism in materials *>*°. Magnetic materials are of various types. They

are discussed in the following section (sec. 2.4).

2.4 Classification of magnetic materials

These materials are classified according to their properties. The two broad classes are
as follows:

(i) Types of magnetic materials based on values of magnetic susceptibilities * (see
sub-sec. 2.4.1)

(i) Types of magnetic materials based on values of coercivity and retentivity *° (see
sub-sec. 2.4.2)

2.4.1 Types of magnetic materials based on magnetic susceptibility values
The concept of magnetic susceptibility is described in sub-sec. 2.4.1.1 and the various

types of magnetic materials based on it are described in sub-sec. 2.4.1.2.

2.4.1.1 The magnetic susceptibility

The word susceptibility originated from Latin word ‘susceptibilis’ the meaning of
which is ‘receptive’. It is the ability of a material to acquire magnetisation when
exposed to external magnetic field. It is denoted by y. Mathematically, it can be

expressed by eq". (2.1),

Where,
M = Material’s magnetisation,

H = Applied magnetic field



The value of magnetic susceptibility shows whether the material is repelled or

attracted towards an external magnetic field 2>,

2.4.1.2 Types of magnetic materials based on values of magnetic susceptibilities
The different class of materials according to the value of susceptibilities is discussed
in this subsection. This is reflected in the response of materials when exposed to

external magnetic field. It is normally displayed as shown in fig. 2.2.

(a) (b) (c)

Fig. 2.2: Comparison of attraction of magnetic lines of force in

a) diamagnetic materials, b) paramagnetic materials, and c) ferromagnetic materials %'

These different types of magnetic materials are as follows:
(i) Diamagnetic materials,

(it) Paramagnetic materials,

(iii) Ferromagnetic materials, and

(vi) Metamagnetic materials .

i. Diamagnetic materials: The diamagnetic substances have either ‘zero’ or
negative values of magnetic susceptibilities. They are repelled by applied
magnetic field and create negative magnetic susceptibility. The magnetic
permeability is less than ‘1°. In simple word we can understand magnetic
permeability as the ability of the magnetic lines of force to pass though the
material. The shape of magnetic lines of forces flowing around a diamagnetic
material can be visualized as shown in fig. 2.2(a). Their net magnetic moment
value remains zero. Magnetic moment is a vector quantity which measures the
direction and strength of a magnetic field produced by a magnet or any other
object. At room temperature alumina, silver, copper, and gold are diamagnetic

materials. Benzene and naphthalene are also diamagnetic in nature 2. A
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substance shows pure diamagnetic behaviour when their orbital moment is
either zero or cancels each other effectively. Their all-electronic spins should
be paired as well. Oxygen molecule is an exception *. Its magnetic behaviour
is explained by Molecular Orbital Theory *°. It is described in the following
paragraph where we discussed paramagnetism. Diamagnetism of materials do

not show any significant practical application till date *.

Paramagnetic materials: These substances weakly attract magnetic lines
forces. It is diagrammatically shown in fig. 2.2(b).These are the substances
having unpaired electrons and hence when they are exposed to magnetic fields
their magnetic moments do not cancel out each other completely which results
in the form of existence of a resultant magnetic moments of bulk materials
which is the resultant of the tiny magnetic moments produced at atomic levels
due to the presence of unpaired electron/s 2. Alloys of titanium, copper, and
aluminium show paramagnetic behaviour *. As discussed above oxygen
molecules also show paramagnetic behaviour which is explained through
Molecular Orbital Theory (MOT). The molecular orbitals are pictorially
represented in the following figure (see fig. 2.3). Note that, non-bonding

orbitals are not shown in fig. 2.3.

Energy

ols

AOs M.Os AOs

Fig. 2.3: Molecular orbitals of oxygen molecule. Two unpaired electrons can be seen in antibonding orbital

which are responsible for paramagnetic behaviour of oxygen molecules *.
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Many materials show paramagnetic behaviour for example gaseous nitric

oxide is one of them “°.

iii.  Ferromagnetic materials: They are permanent magnets. They can retain their
magnetic properties in the absence of applied magnetic field **. Upon exposure
to strong magnetic fields the magnetisation of these materials increases with
increasing field strength 2°. They attract magnetic lines of force very strongly
which can be depicted graphically as shown in fig. 2.2(c). Ferromagnetic
materials contain multiple magnetic domains. These domains reduce the
overall magnetic energy of the system which in turn helps the whole system in
achieving stability 2. A ferromagnetic material affects the magnetisation due
to the positive interactions of adjoining atomic dipoles. The substructure of
these materials composed of magnetic domains with in the grain structure. The
regions of aligned dipoles in the materials called domains. In the absence of
magnetic field, these domains are randomly oriented in the materials and the
net magnetisation becomes zero. The individual magnetic domains are
separated through boundaries called Bloch walls. These Bloch walls play an
important role in the material. Actually these are the narrow zones where the

direction of magnetic moments continuously changes (see fig. 2.4) %,

Domain Bloch Wall Domain
—
Direction
of
/, 3\ magnetic
- moments

Fig 2.4 The magnetic moments in adjoining atoms change glgirection continuously across the boundary between
domains <.

W
1/

When all the domains are properly orientated in the direction of the applied
magnetic field, it produces magnetisation 2. The concept of magnetisation is

described in the following paragraph.



Magnetisation: It is a phenomenon where ferromagnetic substances show
magnetic behaviour under applied magnetic field. This process also achieves
saturation where the magnetisation does not increase any further even if the
field strength of the applied field is increased. This process is called saturation

magnetisation 2 (see fig. 2.5).

i~
M Saturation point

Internal magnetisation (M)

External applied field (H)

Fig. 2.5 Schematic representation of saturation magnetisation %,

The magnetic behaviour of these materials also depends upon temperature. It
diminishes when they are heated. The thermal agitation breaks the atomic
arrangement which in turn changes the alignment of the magnetic moments.
Above Curie temperature (T, named after Pierre Curie), these materials lose
their magnetic behaviour changing from ferromagnetic to paramagnetic
materials. Iron, cobalt, and nickel show ferromagnetism *. The concept of

Curie temperature is described in the following paragraph.

Ferromagnetic

Paramagnetic

«

Xlll

TL'

v

T —»

Fig. 2.6 Change in susceptibility with temperature showing Curie Temperature (T;) .



Curie temperature (T.): The temperature at which the permanent magnet loses
its magnetic properties is called Curie temperature. It is denoted by Tc At
Curie temperature a permanent magnetic material starts behaving like a
paramagnetic material. The thermal energy added to the system is enough to
remove the microscopic magnetic order of permanent magnetic materials and
their susceptibilities become minimum **4%2. Above Curie temperature a

ferromagnetic substance behaves like a paramagnetic substance (see fig. 2.6)
38,43

Ferromagnetic materials are further classified as antiferromagnetic materials (see iiia)

and ferrimagnetic materials (see iiib).

iiia. Anti-ferromagnetic materials: When these materials are exposed to
external magnetic fields the dipoles align with the magnetic field but in
opposite direction cancelling each other and no net magnetisation exists. The
neighbouring atoms produce magnetic moments in anti-parallel direction. An
antiferromagnetic material can be considered as materials where two
ferromagnetic lattices are interwoven or penetrated each other in such a way
that they cancel each other’s magnetic moments. This leads to complete
cancellation of magnetic moments they behave like paramagnetic materials.
However, antiferromagnetic materials show a temperature dependent magnetic
behaviour whereas paramagnetic materials do not show any temperature
dependent magnetic behaviour. Curie temperature holds good for
ferromagnetic substances while Neel temperature holds good for
antiferromagnetic materials . We have discussed Neel temperature in the

following paragraph.

Neel temperature (Ty) The temperature above which the antiferromagnetic
material loses magnetism is called Neel temperature. It is denoted by Ty. The
magnetic susceptibility of antiferromagnetic substances reaches its maximum

at this temperature. This behaviour shows that the thermal energy changes the
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magnetic arrangement significantly *#'2. Graphically the effect of Neel

temperature on magnetic behaviour of material is represented in fig. 2.7 *°.

Curie law obeyed after Ty
Iy

Antiferromagnetic
substance

v

T———

Fig. 2.7 Figure representing effect of Neel temperature on magnetic material *.

iiib. Ferrimagnetic materials: When these materials are exposed to external
magnetic fields the dipoles may or may not align with the magnetic field hence
they do not cancel each other completely. A spin moment exists leading to an
existence of net magnetisation in the substance. These materials also have
different sub-lattices as described in antiferromagnetic substances *. The
magnetic susceptibilities of these materials are much higher than that of
antiferromagnetic materials *. These materials strengthen good amplification of
the applied field. Ferrites of barium, nickel, cobalt, lead, are ferrimagnetic in
character 28, These materials are good insulators and hence they can be used in

the fabrication of high frequency transformers *,

(iv) Meta-magnetic materials: It is a metastable state of magnetic material where

the material exists at a very high magnetisation state %,
The alignment of magnetic moments (magnetic ordering) in different types of

magnetic materials (except meta-magnetic materials) is schematically shown in fig.
2.8.
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Applied magnetic field

Fig. 2.8 Graphical representation of dipole moments of molecules, when exposed to external magnetic field:
a: diamagnetic,
b: paramagnetic,
c: ferromagnetic,
d: antiferromagnetic,
e: ferrimagnetic %,

Apart from the above discussed classes of magnetic materials, magnetic materials are
also classified based on their behaviour known as ‘hysteresis.” See sub-sec. 2.4.2 for a

brief explanation of hysteresis and types of magnetic materials based on this.

2.4.2 Types of magnetic materials based on values of coercivity and retentivity

The term ‘hysteresis’ is coined by Sir James Alfred Ewing *. This phenomenon
demonstrates the property of a system when output value is not strictly dependent
upon the input value %. This is explained in the following sub-section (see sub-sec.
2.4.2.1).

2.4.2.1 Explanation of hysteresis in magnetic materials

Magnetic substances like cobalt, nickel, and iron contain magnetic domains (see sub-
sec. 2.4.1). The magnetic moments of atoms are arranged in a parallel manner within
the domain and are responsible for strong magnetic character in the ferromagnetic
materials. In the bulk samples these domains are arranged in the unsystematic manner
(not parallel) leading to demagnetisation of whole material. In the presence of

12



external applied magnetic fields these domains arranged in the systematic manner

(parallel) and create strong magnetism in the material.

Y / M,

M,
N
H, /
b
v

-M (emu/g)

Fig. 2.9 Hysteresis curve for magnetic material where,
H = applied magnetic field strength in Oe, M = magnetisation of the material in emu/g,
M, = retentivity, H, = coercivity, M, = saturation magnetisation %.

When an external magnetic field (say H;) is applied on these materials, they acquire
strong magnetism. It is due to the parallel alignment of magnetic domains of materials
in the presence of external magnetic field. When the magnetic field is removed, the
magnetisation of materials does not diminish completely. It is necessary to expose
these materials to applied external magnetic field of opposite direction (say -H,) to
acquire entire demagnetisation. The lack of ability of these materials to demagnetise
themselves entirely upon removal of applied magnetic field is named ‘hysteresis.” As
term “hysteresis” originated from Greek word “hyst’er"esis”. The meaning of which is
“lag” or “delay.” This term is coined by Sir J. A. Ewing. According to Ewing, “When
there are two quantities M and N such that cyclic variations of N cause cyclic
variations of M, then if the changes of M lag behind those of N, we may say that there
is hysteresis in the relation of M to N.” These words have been used in in this
situation. Hence, the reorientation of “magnetic domains” needs some additional
energy to attain its original shape. This type of property of material is useful for the
fabrication of devices for data storage due to their capacity hold data, sometimes also
named as magnetic “memory” or “magnetic history”. The ferromagnetic materials

like iron oxides and chromium oxides are also used in the fabrication of audio tapes
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and computer disks for the storage of their data. Certain ferromagnetic substances
permanently reserve their magnetisation known as “permanent magnets.” The process
of magnetisation and demagnetisation of magnetic materials in the presence of
applied magnetic field can be represented in the form of loop called ‘hysteresis loop’
(see fig. 2.9) 2. A detailed discussion of the hysteresis curve is shown in fig. 2.9 is

presented in the following paragraph.

Magnetisation “M” vs applied magnetic field strength “H” for a magnetic material is
drawn here. The applied magnetic field “H” is independent variable and hence plotted
on X-axis whereas, magnetisation is dependent variable is and is plotted on Y-axis.
The dotted line shows the magnetisation curve. Initially, the “M” value is zero. “M”
increases as “H” increases in a non-linear way and it keep on increasing until it
reaches a saturation point (“a,” as shown in the graph). The behaviour of the material
after the applied magnetic field was removed is drawn in the loop-section “a” to “b.”
It can be seen from the curve that the ferromagnetic material holds a significant
“degree of magnetisation” or “remember” the previous state of magnetisation. The
amount of “M” retained in the materials after the removal the applied field “H” is
called “retentivity.” In fig. 2.9, from the origin of the curve to the height “b” on “Y-
axis” is retentivity showing that demagnetisation at this stage is only partial. For
complete demagnetisation it is required to expose the material in magnetic field of
opposite direction. In the curve, the magnitude of the applied magnetic field in the
opposite direction is depicted from “origin of the curve” to the point “c.” The opposite
magnetic direction is depicted on the “Y-axis” with negative direction. This is called
“coercivity” *>*. The curve also shows the behaviour of these materials in case they
will be kept on exposing in an external field in the negative direction. Points “d” and
“e” shows the fate of the material when they are exposed to magnetic fields in the
opposite directions. Note that, the behaviour of the material shows coercivity and
retentivity irrespective of the direction of the applied magnetic fields. Note that
ferromagnetic substances show this behaviour prominently 4 The different types
of magnetic materials based on coercivity and retentivity values are described below
in sub-sec. 2.4.2.2 and 2.4.2.3.
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2.4.2.2 Soft magnetic materials

These materials have low coercivity and remanence values but they have a high value
of relative permeability. Therefore, these materials are used to make electromagnets.
The electromagnet has a temporary magnetic effect, essentially a solenoid with a soft

magnetic core giving a strong field that can be controlled by varying the current **.

2.4.2.3 Hard magnetic materials
Hard magnetic materials largely retain their magnetic character even when the
external magnetic field is removed. This is reflected in high coercivity and high

remanence values 35.

2.5 Classification of ferrites
2.5.1 Based on their crystal structure (see sub-sec. 2.5.1),

2.5.2 Based on their coercivity and retentivity values (see sub-sec. 2.5.2).

2.5.1 Classification of ferrite based on their crystal structure
Ferrites are classified based on their crystal structure . These are listed in Table 2.1

as shown below 3647,

Table-2.1 Classification of ferrites based on the crystal structure

S. No. | Ferrites Crystal Composition Ref.
structure
M2+Fe23+o4 36,47
1. Spinel Cubic [M = Divalent cations (Cu®*, Mg**, Ni**, Co*, Zn*) or
its3 com3binations] =
. R +Fe5 +O]_2
2 Garnet Cubic [R = Trivalent cations (Gd**, Y**)
AFe ;059 “M-type” 3
AM2F916027 “W-type”
AM2F623046 “X-type”
- A2M2F916027 “Y-type”
3. Hexaferrite Hexagonal AsMFer041 Ztype”
A4M2F836060 “U-type”
[M = Divalent cations (Cu?*, Mg®, Ni%*, Co%, Zn¥) or
its combinations]
4, Orthoferrite | Orthorhombic R3+3Fe3+03 [R = Trivalent cations (Lu**, Y**, Gd*, sm*, | *®
Nd*)]

These ferrites are briefly explained in the following sub-sections as:
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2.5.1.1 Spinel ferrites

Spinels have the general formula MgAI,O,4. They are ruby red in colour. Spinel
ferrites have general formula AB,O4 where A and B are divalent and trivalent cations.
In this structure FesO, crystallised as the general formula of Fe**Fe,**0,* in which

substitution is possible in Fe sites. This can be diagrammatically shown in fig. 2.10.

@ F¢’ (tetrahedral sites)

© Fe?' (octahedral sites)
O Oxygen atoms

Fig. 2.10 Crystal structure of a general spinel ferrite 34,

Substitution is possible by cations of Mn, Co etc. They are named as manganese
ferrite and cobalt ferrite, respectively, where the cations occupy ‘A’ site of the
tetrahedral portion of the molecules or it will occupy the ‘B’ site of octahedral portion
of the molecule depending upon oxidation state and the ionic radii of cations. Partial
occupancy of both tetrahedral and octahedral sites i.e., 1/8™ of tetrahedral and % of
the octahedral sites are occupied. It may be normal or spinel depends upon how

cations occupy different interstices. Types of spinel ferrites are presented in Table 2.2.

Table 2.2: Types of spinels based on their crystal structures *®*°.

S.no. | Types of | General chemical formula Structural features Ref.
spinels
1. Normal AB,O, Al occupy tetrahedral sites. %0

B? occupy octahedral sites.

2. Inverse (B(AB)O,) Al occupy octahedral sites. >0

B? equally distributed between
tetrahedral and octahedral sites.

3. Mixed (ALSBCAB1047), | AY and B® both  occupy |
x is degree of inversion tetrahedral as well as octahedral
sites.

1. A: (Mg?, Cd®*, Cr?*, cu®, Mn%, Fe*', Co?, Ni%*, and Zn?*)
2.B: (AP, Ti**, Ga™, In®*, V3, cr¥*, Ni®*, Fe**, Co®, and Mn®")
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Normal spinels: These spinel’s having formula Me*[Fe,**]04* in which all
Me?* occupies A site tetrahedral e.g. Zn*[Fe**Fe®104> (zinc ferrites) and
many aluminates such as MgAl,0., FeAl,0., CoAl,0O4 and a few ferrites such
as CdFe,0,4. However, all the Fe*" ions occupy the B site octahedral .

Inverse spinels: These spinel’s having formula Fe** [Me?Fe*104% in which
all Me** occupies B sites and Fe** distributed equally between A and B sites
e.g. Magnetite Fe3O,4 NiFe,O4 and CoFe,O4 In this structure, % of the
Fe** ions occupy the tetrahedral sites and remaining %2 Fe** and all Me®* ions
occupy the octahedral sites “°. The crystal structure of inverse spinel cobalt
ferrite is represented in fig. 2.11 below. Note that the picture (fig. 2.11) is
taken from ref. no. 51 where the permission was not required to reproduce the

picture.

Fig. 2.11 Crystal structure of inverse spinel cobalt ferrite 5.

Mixed spinels: The spinel’s having formula Mey,**Fe,**[Me,?*Fe,,**10,%,
where y is the degree of inversion and cations Me?* and Fe** occupies A sites
and B sites respectively. Despite these structures, few other cubic structures
are possible such as perovskite (ABOs) structure, ReOj3 structure and CsCl

structure. Examples of perovskite (ABOs) are PhTiOs, BaTiOsetc. .
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2.5.1.2 Garnets

These are ferrites in which rare-earth ions or transition-metal e.g. Ce**, Er**, Tb**,
and Bi** and others into dodecahedral sites by replacing the Fe** ions by Ga**, AI**,
or other metals into tetrahedral sub lattice sites **.

2.5.1.3 Hexagonal ferrites
These are the ferrites having a hexagonal crystal structure. The main members of the
hexagonal ferrite family are as shown below, where Me represents a small 2" ion e.g.,

nickel, cobalt or zinc, and Ba can be substituted by Sr .

These ferrites can be further classified as,

I.  M-type: These are ferrites having formula BaFe;,019 (BaM or barium ferrite)
where BaM is initially named ferroxdure, other than the spinel ferrite which
was called ferroxcube.

Ii.  Z-type: These are ferrites having formula BasMe;Fe;404; €.9., BazCozFe2404;.
These are large and complex compounds with formula Ba;oMeggFe4440s02.

iii.  Y-type: These are ferrites having formula Ba;Me,Fe;,02; e.g., Ba;Co,Fe1,02;,
or Co,Y, where Me is a small divalent cation, and the first two to be made
were Zn,Y and Co,Y.

iv.  W-type: These are ferrites having formula BaMe;Fe; 60,7 €.g9., BaCozFe150,7,
or Co,W, where Me represents a first-row transition metal element one or
other divalent cation and the barium substituted by another group two metal.

V.  X-type: These are ferrites having formula Ba;Me,Fe,s046 €.9., BaxCosFess
O, Or CoxX, where Me represents a divalent first-row transition metal or
other divalent Fe* cation.

vi.  U-type: These are ferrites having formula BasMe;Fe3s0¢0 €.9. BasCo,Fes6040,
or Co,U %,

2.5.1.4 Ortho ferrites

These ferrites having a perovskite structure with formula ABX3, where A is a cation

of large ionic radius of alkaline earth metals or alkaline and most rare earth metals
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while B are cations of transition metals of smaller radius and X is anionic species like

oxygen >*.

2.5.2 Classification of ferrites based on their coercivity and retentivity values

Ferrites can be classified into two categories based on its coercivity and retentivity
values. They are described in the following sub-subsections (see sub-sec. 2.5.2.1 and
2.5.2.2). The shapes of hysteresis loops in these different types of ferrites are shown
in fig. 2.12. Although, few authors talked about a third types of ferrite which they

referred as semi-hard ferrites which we briefly discussed in sub-sec. 2.5.2.3 .

Fig. 2.12 Shape of hysteresis loops in,
a: soft ferrites,
b: hard ferrites °.

2.5.2.1 Soft ferrites

The hysteresis curve shows that these ferrites have low value of coercivity and
remanence (see fig 2.12a). Note that they have a high value of relative permeability.
As discussed above in sub-sec. 2.4.2.1 these materials can be used to make

electromagnets 2>,

2.5.2.2 Hard ferrites

The shape of hysteresis loops for hard ferrites is depicted in fig. 2.12b. Permanent
magnets are made from hard ferrites. Hard ferrites show similar behaviour as hard
magnetic materials. They retain magnetic character to a great extent even when the

external magnetic field is removed 33%°,
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2.5.2.3 Semi-hard ferrites
These ferrites are of intermediate coercivity values >. Hosni et al. considered cobalt

ferrite as semi-hard magnetic material > (see sub-sec. 2.6.1).

We have co-doped cobalt ferrite with a series of ions. In the next section we will be
discussing all the properties of cobalt ferrite in detail (see sec. 2.6). Although, in the
above section we have already indicated the magnetic behaviour of this material as far

as coercivity and retentivity is concerned.

2.6 Properties of ferrites/cobalt ferrite

Here, we have discussed properties of ferrites with emphasis on the properties of
cobalt ferrite as we have synthesised cobalt ferrite co-doped with ions. Ferrites show
various properties which are listed below:

(i) Magnetic properties of ferrites/cobalt ferrite (see sub-sec. 2.6.1)

(ii) Electrical properties of ferrites/cobalt ferrite (see sub-sec. 2.6.2)

(iii) Catalytic properties of ferrites/cobalt ferrite (see sub-sec. 2.6.3)

(iv) Optical properties of ferrites/cobalt ferrite (see sub-sec. 2.6.4)

2.6.1 Magnetic properties of ferrites/cobalt ferrite

As discussed in sec. 2.4 and sec 2.5 ferrites are magnetic materials. The different
types of ferrites exhibit different crystalline structures as well as different magnetic
properties as far as the phenomenon of hysteresis is considered. The crystalline
structure of cobalt ferrite is discussed in sub-sec. 2.5.1.1. The magnetic properties of
cobalt ferrite based on the shape of hysteresis loop are already described in brief in
the sub-sec. 2.5.2.3. Hosni et al. classified cobalt ferrite as magnetic materials having
semi hard magnetic character >, whereas Kotnala et al. categorised cobalt ferrite as
hard magnetic material *°. Dedi et al. categorised cobalt ferrite as a “well-known hard
magnetic material with high coercivity and moderate magnetisation”, although in the

same literature they categorised it as a material with intermediate magnetic material
51
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2.6.2 Dielectric properties of ferrites/cobalt ferrite

Ferrites including cobalt ferrite show dielectric properties. The concept of dielectric
properties of materials is discussed in sub-sec. 2.6.2.1 whereas ferrites/cobalt ferrites
showing this property as discussed in literature are presented in sub-sec. 2.6.2.2. They

are discussed in the following subsections.

2.6.2.1 Concepts related to dielectric properties of materials

The charges present inside a material responds against applied electric field.
Yaghmaee et al. defined the term ‘dielectric’ as a “measure of the potential for charge
movement inside the material in response to an external electric field” *®. There are
several dielectric materials which we use in everyday life, e.g., distilled water, dry air
to name but a few >°. Mathematically dielectric constant is defined as “the ratio of

» 3% Permittivity is defined as “the ability

permittivity to the permittivity of free space
of a substance to store electrical energy in an electric field” *. Dielectric properties of
the material depend upon the formation and movement of the dipoles inside the
materials °. The term dipole refers to atoms or groups of atoms with an unbalanced
charge. In the presence of an applied electric field, they get aligned, which produces

polarisation in the material %

. The polarisation can be categorised as:

i.  Electronic Polarization: The electronic arrangement or the electron cloud
distribution of the atom gets distorted/ changed in the presence of an applied
electric field. The electrons/electron cloud concentrate on the side of the
nucleus near the positive end of the applied electric field 2.

ii.  lonic Polarization: It is observed in ionically bonded materials. When these
materials are placed in the applied electric field, the ionic bonds become
elastically deformed/ changed. As a result the charge is systematically
redistributed within the material. The movement of the cations and anions be
influenced by the direction of the applied field, and the induced dipoles
produce polarization .

ilii.  Molecular Polarization: Certain materials have natural dipoles. In the
presence of an applied field, the dipoles rotate and are arranged in the

direction of the applied field .
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Atoms of the substance do not have any intrinsic dipole moment, but they have the
capacity to polarize when exposed to magnetic field is called atomic polarizability ®*.

Some of the dielectric properties of solids are as follows:

I.  Piezoelectricity: It is the property of material which shows net dipole moment
in the presence of applied electric field .
ii.  Pyroelectricity: Pyroelectricity is the property of material where electric
potential is produced at higher temperatures .
iii.  Ferroelectricity: Some of the piezoelectric crystals retain the arrangement of
dipoles even in the absence of electric field. They have permanent dipoles.
This property is called ferroelectricity. When they are exposed to external
electric field, the polarisation changes its direction in reversed order .
iv.  Antiferroelectricity: In this case, the net dipole moment of piezoelectric
substances becomes zero %,
In the following paragraph we have discussed the dielectric property of cobalt ferrite

in brief.

2.6.2.2 Dielectric properties of ferrites/cobalt ferrites

Few ferrites including cobalt ferrite shows dielectric properties ®2. This property can
be improved by doping, for example chromium doped CF-NPs show improved
dielectric properties ®. Kadam et al. doped the CF-NPs with gadolinium ions. They
observed an increase in dielectric constant with an increase in gadolinium ion
concentrations. The as-prepared samples exhibit excellent dielectric properties ®*.
Chakrabarty et al. reported that yttrium doping enhances the dielectric character CF-
NPs ®. The as prepared copper-chromium co-doped CF-NPs at different
concentrations showed low dielectric loss in a low frequency range. Therefore, these
CF-NPs can be used in different electronic applications, such as wireless

communication and other electronic devices °°.

2.6.3 Catalytic properties of ferrites/cobalt ferrite
Ferrites, including cobalt ferrite, show catalytic properties **. The concept of catalytic
properties of materials is discussed in sub-sec. 2.6.3.1 whereas ferrites/cobalt ferrites

showing this property as discussed in literature is discussed in sub-sec. 2.6.3.2.
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2.6.3.1 Concepts related to catalytic properties of materials
A catalyst alters the rate of a reaction ’. It lowers the activation energy required to
carry out the reaction is called catalysis ®. The effect of catalyst on the rate of

reaction can be graphically shown in the fig. 2.13.

3
Activated complex

Absence of catalyst

Presence of catalyst

P. E.

Products

Reactants

Progress of reaction

Fig. 2.13 Schematic draw for the effect of catalyst on the rate of reaction ®.

Photo catalysis is the process of using light to speed up or start chemical reactions

70

with the help of a catalyst . Catalytic properties of ferrites/cobalt ferrite are

discussed in the following paragraph.

2.6.3.2 Catalytic properties of ferrites/cobalt ferrites

Ferrites show catalytic properties. Several reactions for example, selective oxidation
reaction for carbon monoxide, decomposition of alcohols, discolouration of synthetic
dyes, and decomposition of hydrogen peroxide can be catalysed using this class of
material ®. Spinel ferrites (MFe,O,4) containing divalent transition metal ions (M =
Fe?*, Ni**, Cu®*, Zn**, Co®") shows catalytic properties. It depends upon the redox
nature of substituted ions and distribution of such ions in the tetrahedral as well as

octahedral sites of coordination %

. The spinel oxide (AB,O,;) powder surface
preferably holds octahedral sites. Therefore, its catalytic properties are strongly
affected by octahedral cations °®. Kirankumar et al. studied photocatalytic properties

of cobalt ferrite. They used this material for the degradation of Congo red .

23



2.6.4 Optical Properties of ferrites/cobalt ferrite
Ferrites including cobalt ferrite show optical properties. The concept of optical
properties of materials is discussed in sub-sec. 2.6.4.1 whereas ferrites/cobalt ferrites

showing this property as discussed in literature are discussed in sub-sec. 2.6.4.2.

2.6.4.1 Concepts of optical properties of materials

Luminescence is a process of absorption of radiation followed by its emission 2. It is
an optical property of a material "% In this process electrons of a material absorbs
energy and jump to higher energy state and then return back to their original state to
achieve stability (i.e., to a lower energy state). In the return journey they release
energy in the form of radiation. This phenomenon is called luminescence “2. This is
explained by Jablonski diagram (see fig. 2.14) ",

Sa Excited vibrational states
S,
S, ISC
A . IC ?
1
C IF

Fig. 2.14 Jablonski diagram presenting the process of photoluminescence where;
IC = internal conversion; ISC = intersystem crossing;
A = absorption; F = fluorescence; P = phosphorescence 2.

This process can be initiated by several ways. The different types of luminescence are
categorised based on the different ways of its initiation. For example, when it is

initiated by chemicals it is known as chemiluminescence "

, similarly, luminesce
initiated by cathode rays or electrons are called cathedoluminescence, and luminesce

initiated electrical energy are called electroluminescence . Luminesce initiated by
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light or photons are called photoluminescence. This happens mostly by light of ultra-
violet region (UV-light) ™. The energy of photon can be calculated by using the
Plank’s eq". (2.2) as;

Where, h = Plank’s constant (6.62 x 1034 Js), v = frequency of radiation ,

¢ = velocity of light (3 x 10® m/s) and A = wavelength of radiation "*.

Metals do not show luminescence 2. It has been observed in certain ceramics and
semiconductors that the energy gap between the valence band and conduction band is
such that electrons can easily drop to produce photons of light radiation %. The
photoluminescent material shows two types of effects. They are fluorescence and
phosphorescence. These terms can be discussed in brief as;

i.  Fluorescence: The transition of electrons from first singlet excited state (S;)
to singlet ground state (Sp) involving emission of photons is called
fluorescence. The time required for this process is approximately 10~ sec. to
10* sec 2.

ii.  Phosphorescence: The transition of electrons from first triplet excited state
(T1) to singlet ground state (Sp) followed by the emission of photons, is called
phosphorescence. This process is also known as delayed fluorescence.
Approximately 10 sec. to 102 sec is required for the completion of this

process 2 .

The interaction of material with photons produces number of optical effects such as
absorption, transmission, refraction, reflection, and electronic performance. These
phenomena are helpful in understanding the behaviour of materials as well as how
these materials can be utilised in number of applications related with critical device

that cannot be detected with laser, radar, solar cell, fibre optic devices etc. %.
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2.6.4.2 Optical properties of ferrites/cobalt ferrites

Ferrite materials exhibit optical properties and can be used in optical internet *.
Doping with different metal ions enhanced their optical properties 3. Vadivel et al.
observed that doping of chromium improved the fluorescence properties of CF-NPs.
They reported that the doping level of 0.3 at% of chromium gave strong fluorescent
emissions ®. Sumathi et al. also reported that the co-doping of CF-NPs with copper
and cerium influenced optical properties significantly . Melo et al. observed the
decrease in optical band gap values with increase in level of doping of nickel ion “°.
Tuning the magnetic, dielectric, optical, and catalytic properties of spinel ferrites
make them suitable materials for different applications **’. The different applications

of ferrites/cobalt ferrite are discussed in following sec. 2.7.

2.7 Applications of ferrites/cobalt ferrite

Ferrites and cobalt ferrite can be used for numerous applications. A brief discussion
about the applications of ferrites/cobalt ferrite is in the following sub-sec. 2.7.1 to
2.7.2.

2.7.1 Applications of ferrites

Ferrite can be used for various applications. These nanoparticles are widely used in
audio frequency applications, telecommunication and entertainment applications, EMI
applications, microwave devices, magnetic recording appliances e.g. channel filters,
magnetic memory cores, wide band transformers, television picture tube yokes, radio
and television antennae, magnetic audio tape, floppy disks, hard disks, video cassette
tape etc. to name but a few "®. Ferrites are used as main components in a variety of
electronic circuits e.g. voltage-controlled oscillators, low noise amplifiers, impedance
matching networks, filters etc. ”°. They can also be used in electronic equipment e.g.
computers, scanners, high-speed digital interfaces in notebooks digital cameras etc. "°.
They can be used in phase shifters in which there are two-port components that after
changing bias magnetic field provide variable phase shift. It is applied in
measurement systems . They are also useful for biotechnological applications. They
have several biomedical applications which include therapeutic applications, magnetic

resonance imaging (MRI) and hyperthermia . Spinel ferrites are mostly used as
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sensing materials. Ferrites are very sensitive towards humidity and gases. It is used as

a humidity/gas sensor due to their porosity needed for a humidity sensor *°.

2.7.2 Applications of cobalt ferrites

Cobalt ferrite is spinel in nature ®. Spinel ferrite has excellent electrical, optical,
magnetic and structural properties which can be exploited for various applications .
Since we have prepared cobalt ferrite nano particles (CF-NPs) we have discussed its
various applications in the following sub-subsections.

2.7.2.1 Biomedical applications

I.  In biosensors: CF-NPs are widely used in bio sensing applications because of
their ability to align themselves with external magnetic field 2.

ii.  For magnetic separation and purification: These materials can be utilized for
magnetic extraction, separation, and purification for pollutants and toxins from
environmental and biological samples %

iii.  In diagnostic and therapeutic applications: CF-NPs can be used in diagnostic
and therapeutic applications. The magnetic susceptibility of CF-NPs can be
used for magnetically targeted drug delivery systems. It can be used for
Magnetic Resonance Imaging (MRI) 2.

iv.  Drug delivery: They can also be used as promising materials for nanocarriers
for drug delivery applications with encouraging results and studies that have
reached clinical trials in the past decade °.

v.  Hyperthermia: Magnetic hyperthermia is a therapeutic method where
magnetic nanoparticles are administered at the tumor site. The treatment
incorporates application of electromagnetic field (in radiofrequency). CF-NPs

are widely used for this application 2.

2.7.2.2 Applications of cobalt ferrite as catalyst

Cobalt ferrite nanoparticles used as a nano catalyst in organic synthesis for many
reactions e.g. condensation, oxidation, reduction, coupling and multi-component
reactions. Cobalt ferrite nanocatalysts have many advantages like a simple operation,

preparation, easy separation, high catalytic activity and ability to reused 2. CF-NPs
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with sizes up to 25 nm used as a catalyst for the oxidation of different alkenes in the
presence of tert-butylhydroperoxide (t-BuOOH). The study shows that CF-NPs are an
efficient catalyst for the conversion of alkenes to aldehydes or epoxides with good
yield. The catalyst isolated with an external magnet and no loss of activity was
examined when it reused. The effects of parameters on the oxidation reactions were

observed e.g. temperature, nature of oxidant and solvents 5.

People working in “Materials Science and Engineering” try to tailor the properties of
materials for desired applications. Doping is widely used to modify the properties of

materials °. The concept of doping is discussed in the following section (see sec. 2.8).

2.8 The basic concept of doping

The word ‘doping’ originated from the Afrikaans word "dop,". The term ‘dop’ stands
for small stimulating drink. It is an impurity effect which changes the original
structure of the molecule. Generally, it is restricted to very low quantities ®. Doping
is a technique used for modification of solid states properties by addition of small
amount of impurity in a base material . The small concentration of dopant changes
the conductivity of material. For example, doping of phosphorus into silicon changes
into n-type conductor while the doping of boron changed the silicon into p-type
conductor ®. Doping alters the properties of materials hence, materials of desired
properties for specific applications can be synthesised using various routes of
synthesis. A brief review on routes of synthesis of doped ferrites is discussed in sec.
2.9.

2.9 A brief review on routes of synthesis of doped ferrites

Several rsearch groups worked on doping of ferrites with metal and non—metals >¢%8,
For example, Ran et al. prepared magnetite film doped with Co** ion to study the
influence of doping on magnetic, structural, and valance band structures &. Cao et al.
synthesised sulphur doped coral-like CF-NPs . Sharifianjazi et al. published their
review paper on doping of the cobalt ferrites with metals 3. We also published a mini-

review on synthesis of ferrites using various parts of plants °. A list of doped ferrites
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prepared with various metal ions and using different parts of plants is presented in

Table 2.3 919.3289-100

Table 2.3: Routes of synthesis of ferrites doped with various metal ions and using various parts of plant.

S. No. Name of ferrite Routes of synthesis Ref.
1. NiFe,O, Sol-gel %
2. CoFe,0, Ceramic method o
Co-precipitation °
Sol-gel auto-combustion 0
Polyol method °
Microemulsion °
Solid state reaction technique °
ZnFe,0, Thermal treatment method %
4, AgFe,0, Modified co-precipiation %
CuFe,0, Aerosol method o7
S. No. Name of ferrite Routes of synthesis/ Parts of plants used Ref.
CoFe,0, Self-combustion/ Ginger root and Cardamom seeds %
Self-combustion and wet ferritization /Hibiscus rosa- sinensis ®
flower and leaf
2. NiFe,0, Green synthesis/ Hydrangea paniculata flower %
Greener synthesis/Rosemary leaves 100
Modified sol-gel /Aloe- vera plant 2
3. ZnFe,0, Microwave-assisted/ Limonia acidissima juice 89
Co-precipitation/ Aurantium flower 0
Green method/Aegle marmelos leaves o
Modified sol-gel /Aloe-vera plant ®
4, CuFe,0, Microwave heating and modified sol-gel /Hibiscus rosa-sinensis 92
leaf
Modified sol-gel / Aloe-vera plant i
5. AgFe,0, Co-precipitation/ Amaranthus blitum leaves %3

Since, our work is focussed on synthesis of co-doped cobalt ferrite we have reviewed
doping and co-doping of cobalt ferrites in separate sections (see sec 2.12 to 2.16).

2.10 Doping of cobalt ferrite nanoparticles (CF-NPs)

As discussed above in sec. 2.8, doping changes the properties of materials ° and hence
this can be a method to produce materials of tailored properties for desired
applications °. Hence, several routes of synthesis have been developed for doping of
cobalt ferrite %°*1% All the routes of synthesis for doping of ferrites are discussed in
sec. 2.11. A small review on doping of CF-NPs with 3d-series and 4d-series elements
of Periodic Table is discussed in sec. 2.12. Similarly, doping of CF-NPs with rare-
earth elements is discussed in sec. 2.13, whereas doping of CF-NPs with

representative elements are discussed in sec. 2.14. The doping of CF-NPs with non-
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metal elements is discussed in sec. 2.15 whereas the doping procedures of CF-NPs

with more than one element are discussed in sec. 2.16.

2.11 Explanation of routes of synthesis of doped CF-NPs

The methods used for the synthesis of doped cobalt ferrite are discussed in the

following sub sections (see sub-sec. 2.11.1 to 2.11.6).

2.11.1 Sol-gel method

This is a versatile route of synthesis for the preparation of a wide range of materials

e.g., ceramics and glasses %%, It can be summarised in the following steps:

Preparation of sol

A sol is liquid colloidal solution having dissolved/dispersed metallic ions. It
starts with the formation of colloid by addition of starting materials in
alcoholic or aqueous solvents. It is believed that hydrolysis and condensation
occur in the reaction mixture. Generally, sol is a stable solution in which small
solid particles are suspended. Usually, a sol is continually stirred using

magnetic stirrers for homogenization 2.

Formation of gel

Hydrolysis generates cites for condensation for the formation of particles
whereas condensation is responsible for the formation of gels. The formation
of a three-dimensional network results in the formation of a visually thick gel.
Most of the times, the transformation of sol into gel can be visually observed
and hence this method of synthesis is known as sol-gel route of synthesis of

materials 7123102103

Formation of powder

Generally, a powder is obtained when the gel is dried. A hydrogen bond as
well as van-der-Wall’s force dominates the interaction between the particles
present in the sol as well as gel. This reaction can be controlled by controlling

temperature, pH, use of solvents, catalysts, and their rate of mixing 23102103,
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iv.  Heating of powder
The powder after further heating at high temperature at furnace produces the
desired sample 172192193 Different research groups termed this process with

different names. Few of them used the term ‘calcination’ %1%

, whereas few of
them have used the term ‘annealing’ *°'®°. A complete list of terms used in
literature is listed in Table 2.5 and Table 2.7. Actually, the whole idea behind
heating of powder is to remove the undesired volatile impurity from the
sample. This can be adsorbed or absorbed water *. Sometimes, authors also

believe that residual starting materials can be removed by heating process *°

The general processing of the sol-gel route of synthesis is depicted in fig. 2.15 below.

‘_

(“\Q (Aerogel)

— Themlal _
-

Gel (Powder)
(Precursors + solvent) (Colloidal sol) (Gel) (Xerogel)

C'e?

(Cryogel)

Fig.2.15 A pictorial representation of the various steps involved during sol-gel method %,

Schematic flow of above described process is depicted in fig. 2.16 as,

Hydrolysis Gelling Drying

Condensation Calcination

Fig. 2.16 Flow chart of sol-gel route

An example of preparation of cobalt ferrite through sol-gel route is described here in
brief. Gore et al. prepared bismuth doped cobalt ferrite using sol-gel route. They
prepared a mixture of metal nitrates in deionized water. The mixture was constantly
stirred using a magnetic stirrer to maintain the homogeneity of the reaction mixture.
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They used citric acid and glycine as chelating agents. The gel was dried when a
powder was formed. The powder was then heated at 500 °C for four hours 5.
In this method the reaction occurs in solvent medium. This is one of the most widely
used method due to its,
(1)  simplicity,
(i) can occur at room temperature as well as heat treatment can be employed if
required,
(iti)  change in precursor changes the sample which enables the researcher to
produce a large variety of samples,
(iv)  homogeneity can be achieved,
(v  samples with uniform grain-size can also be prepared

i)  does not require sophisticated laboratory infrastructure 1%,

Several other methods are also developed for the preparation of these materials which

are briefly described in the following sub-sections (2.11.2 to 2.11.6)

2.11.2 Combustion method

This is fast and non-cumbersome method to synthesize ferrites nanoparticles. It has
been reported in the literature that the quality products were excellent. The size of
material particles, saturation magnetisation and their coercivity affected with rate of

fuel to nitrates .

2.11.3 Co-precipitation route
This is a simple and cost-effective method. It is possible to control the rate of

nucleation and growth of crystal by changing the reaction conditions *.

2.11.4 Precipitation method or Stéber synthesis

This is a simple method same as co-precipitation method of synthesis. It does not
require sophisticated laboratory infrastructure. The difference between co-
precipitation and precipitation methods, is the length of time required in completing

the reaction *.
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2.11.5 Hydrothermal method
In this route of synthesis an aqueous solution is employed in the reaction system. A
special closed vessel used to create high pressure and temperature for the completion

of reaction %',

2.11.6 Plant extract mediated synthesis

The CF-NPs can be synthesised by using various parts of pants. A complete list of
parts of plants used for this purpose is presented in Table 2.3. Ferrites of Ag, Co, Zn
and Ni were synthesised successfully. Few doped ferrites, e.g., Ag-doped CF-NPs,
Ni-doped zinc ferrite, and Zn-doped nickel ferrite were also prepared. Use of plant-
parts evades the necessity of the use of expensive metal salts. The different parts of
plants like flowers, leaves, and seeds act as a chelating agent, gelling agent, capping
agent, and reducing agent during reactions. This is a non-toxic, eco-friendly, and cost-

effective method °.

2.12 Doping of CF-NPs with 3d-sries and 4d-series elements of Periodic Table
Various routes of synthesis used to synthesize 3d-series doped cobalt ferrites are listed

in the Table 2.4 10,15,31,76,108-113

Table 2.4: Methods of synthesis used for 3d-series doped CF-NPs

Dopant/s Methods of synthesis Heating aid used/processing | Heating Ref.
temp. (°C)

Cr Sol-gel auto-combustion Oven 120 10
Mn Fast hydrothermal Autoclave 200 108
Mn Co-precipitation Electric oven 150 109
Ni Auto combustion Self-propagated combustion 300 110
Ni Hydrothermal Autoclave 180 7
Cu Octanoate co-precipitation Tubular furnace 400 3t
Zn Auto combustion Auto ignition 200 11
Zn Chemical co-precipitation Drying and heated at 800 °C | 100 1
Zn Sol-gel auto-combustion Oven 200 12
Zn Combustion Muffle furnace 500 13

The final product was obtained in the form of powder in all the above mentioned
literature *®%19°M5 The heating process used after powder formation of 3d-series
doped CF-NPs is listed in Table 2.5.
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Table-2.5: Heating process after powder formation (CF-NPs doped with elements of 3d-series)

Process of Temp. Time Ref. Process of Temp. Time Ref.

powder (°C) (hours) powder (°C) (hours)

heating heating
s 1200 12 7 A 200 6 109
S 1200 12 118 A 600 6 e
S 1250 2 7 S 450 4 110
’c 500 4 &3 D 100 3 7
A 600 3 &0 S 800 4 14
C 400, 800 2 10 A 800 10 1
S 1350 24 118 S 1300 12 1l
S 1180 4 18 S 900 3 12
D 80 4 108 C 650 5 13

The different routes of synthesis for 4d-series doped CF-NPs are listed in the Table

Where, S = sintered, C = calcined, A = annealed, D = dried

26 19721,62,65,104,1207128.

Table 2.6: Methods of synthesis for 4d-series doped CF-NPs

Dopant/s Methods of synthesis Heating aid Heating temp. Ref.
used/processing (°C)
Y Citrate auto ignition Furnace 120 12
Y Citrate auto ignition Furnace 120 &
Y Sol-gel combustion Air-furnace 200 104
. Oven Stepl: 100 21
Y Citrate precursor Air atmosphere Step 2: 200
Zr Sol-gel using aqueous silica colloid Dried Step 1: 110 126
Ignited Step 2: 650
Zr Co-precipitation Air-oven 110 62
Zr Sol—gel based Pechini process Oven 185 127
Mo Solution combustion Furnace 400 128
Ru Conventional sol-gel Dried 90 120
Ru Pulsed laser deposition (PLD) Deposition 600 1
Ag Sol-gel auto-combustion method via Hot plate 300 122
chemical and green synthesis
Ag Self-combustion and wet ferritization Heater Step 1: 250-300
Suspension Step 2: 80 1
maintained
Cd Auto combustion Heated 250 0
Cd Sol-gel Oven Step 1: 100 123
Heated Step 2: 200
Cd Usual ceramic Presintered inair | Step 1: 900 12
Cooled Step 2: Cooling

The final product was obtained in the form of powder in all the above mentioned

literature 19:10512012L124.129-131 ‘Tha heating process used after powder formation of 4d-

series doped CF-NPs is listed in Table 2.7.
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Table-2.7: Heating process after powder formation

Process of Temp. (°C) Time Ref. | Process of Temp. (°C) Time | Ref.
powder (hours) powder (hours)
heating heating

ES 800 2 125 C 1200 20 129
S 800 2 &5 C 1200 12 130
2C *300, 600, 900, 1200 | 1 104 A 400 2 120
A 800 2 a A 450 1 121
A 400 2 T A 800 1 19
S 1150 8 132 S 1200 3 124
C 700 4 62 S 1050 2 131
C 700 1 27 A *400, 600, 800, 2 105
1000

Where, S = sintered, C = calcined, A = annealed
*Samples were heated at different temperatures to study the effect of calcination and annealing temperatures.

The properties of CF-NPs can be changed by changing the method of synthesis, by
changing the annealing temperature, and by doping/substitution °*. Doping of CF-
NPs with 3d-series and 4d-series elements have been widely studied because of their
comparable ionic sizes ***'°'. Here, sub-sec. 2.12.1 describe the impact of doping in
CF-NPs with 3d-series and 4d-series elements, 2.12.2 represents the Crystal structure
studies using XRD, 2.12.3 FTIR analysis for various functional groups, 2.12.4 shows
Vibrating Sample Magnetometer (VSM) study and 2.12.5 represents the Field
Emission Scanning Electron Microscopy (FESEM) study of CF-NPs doped with 3d-

series and 4d-series elements.

2.12.1 Impact of doping

The effects of doping on CF-NPs with the elements of 3d-series and 4d-series are
listed in Table 2.8 108,110,113,114,116,117,133,134

Table 2.8: Effect of doping in CF-NPs with 3d-series and 4d-series elements

3d-series 4d-series
Dopant Properties Effect of Ref. Dopant Properties Effect of Ref.
doping doping
Sc Lattice Increases 1® Y Electrical Improves =2
parameter transport
v Particle size Improves s Zr Coercivity Increases with e
and saturation | decrease in
magnetisation | dopant level
Ti Curie Reduces 7 Nb Magneto- Shown at 129
temperature electric and doping level of
ferroelectric 0.05
properties
Cr Magneto Changes 134 Mo Lattice Increases 130
elastic, parameter
dielectric and
fluorescent
Mn Crystallite Decreases 108 Ru Saturation Decreases 120
diameter magnetisation
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3d-series 4d-series
Dopant Properties Effect of Ref. Dopant Properties Effect of Ref.
doping doping
Ni Dielectric Changes with 110 Ag Antibacterial | Improves Bz
the properties
frequencies
change
Cu Antibacterial Improves 1 Cd lattice Increases 128
parameter
Zn Antibacterial, Improves 13 Cd Curie Linearly 13
photocatalytic temperature decreases

2.12.2 Crystal structure studies using X-ray Diffraction (XRD) technique

The X-ray diffraction peak obtained for CF-NPs doped with 3d-series at different /20

values are listed in Table 2.9 7108109.114.133,135

Table 2.9: List of crystalline peaks obtained for some 3d-series doped CF-NPs.

3d-series elements doped CoFe,O,
Intensity(/°20) | Assign. | Dopant | Ref. | Intensity(/°20) Assign. Dopant | Ref.
31 222 Sc| 7 30.2 220 Mn | 1
18389 111 v ™ 355 311 8
30.25 220 133 43.2 400 8
35.632 311 153 53.1 422 18
37.274 222 133 57.1 511 10
43.309 400 133 63.17 440 109
53.736 422 133 71.39 620 109
57986 511 133 74.82 533 109
62.913 440 138
18.24 111 Mn | 108 30.11 220 Zn| ™
30.06 220 108 35.46 311 135
35.45 311 108 37.16 222 135
37.28 222 108 43.1 400 185
47.87 331 108 53.52 422 135
53.89 422 108 57.01 511 185
57.16 511 108 62.61 440 185
62.73 440 108 74.1 533 185
74 533 108
79.08 444 108
30.18 220 Cul| ™ 53.42 422 Cul| ™
35.55 311 14 56.96 511 14
37.16 222 114 62.57 440 114
43.11 400 114

The X-ray diffraction peak obtained for CF-NPs doped with 4d-series at different °/26

values are listed in Table 2.1

0 77,120,122,126
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Table 2.10: List of crystalline peaks obtained for 4d- series doped CF-NPs.

4d-series doped CF-NPs
Dopant =Y Dopant = Ru
Intensity of diffraction Assign. | Ref. Intensity of diffraction Assign. | Ref.
(/°20) (/°20)
31 220 m 30.16 220 120
36 311 m 35.59 311 120
43 400 m 43.25 400 120
57 511 m 57.16 511 120
62 440 i 62.72 440 120
Dopant = Zr Dopant = Ag
Intensity of diffraction Assign. | Ref. Intensity of diffraction Assign. | Ref.
(/°20) (/°20)
18.3 111 1% 30.174 220 122
30.2 220 126 35.42 311,222 | 2
356 311 126 43.19 400 122
37.2 222 126 53.54 422 122
432 400 126 57.1 511 122
53.1 422 126 62.69 440 122
57.2 511 126
62.7 440 126
74.2 533 126

2.12.3 Identification of functional groups using Fourier-transform infrared (FTIR)
We have tabulated the various absorption band values obtained in FTIR analysis for
various functional groups when CF-NPs doped with 3d-series elements are listed in

Table 2.11 3160.76.113

Table 2.11: List of absorption bands obtained in FTIR analysis for CF-NPs doped with 3d-series elements and
their assignments of functional groups.

CoFe,O, CoFe,O,

Abs. (cm™) Assign. | Ref. | Abs. (cm™) Assign. Ref.
600-500 M-O % 1586 M,-O 7
430-385 M-O zg 382 M,-O 7
2?1;3 (FDEHO o | 962 Mg-O ;2
1624 H-O-H w | 375 MO G
2852 CH2 60 540 Fe-O .
2620 CH. 6 | 375 Cu/Co-0 :
587-503 Fe-O e | 500-600 M-O .

385-450 M-O
3415-3428 H-O-H 131 569-582 Fe-O 113
1618-1632 c-0 13 ] 385-403 Co-0 13

We have tabulated the various absorption band values obtained in FTIR analysis for

various functional groups when CF-NPs doped with 4d-series elements are listed in
Table 2.12 20,77,104,120,122,125,127
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Table-2.12: List of absorption bands obtained in FTIR analysis for CF-NPs doped with 4d-series elements and
their assignments of functional groups

4d-series elements doped CF-NPs

Abs. (cm™) Assign. Ref. | Abs. (cm™) Assign. Ref.
3679-1410 O-H 1251600 M-O stretching vibration tetrahedral | %
1275 C=0 stretching vibration 1251400 M-O stretching vibration octahedral | ¥
1060 Nitrate group 12511400 C-H vibration 127
550 M-O vibration tetrahedral | 2 | 1700 Cc=0 127
350 M-O vibration octahedral 1251 2300 C=N 121

3100 C-H 121

400 M-O stretching 01 2400 H-O-H 127
600 tetrahedral 104

M-O stretching octahedral
590 M-O vibration tetrahedral 77
410 M-O vibration octahedral | " [53g Intrinsic stretching vibrations of 120
370-800, 587 | Fe-O stretching vibration | 22 metal at the tetrahedral site
400 Fe-O stretching vibration | ' 7057 C-O stretching vibration 20
579 M-O Stretching vibration | 2 | 1365.1 O-H “

tetrahedral
415 M-O Stretching vibration 2

octahedral

2.12.4 Magnetic properties studies using Vibrating Sample Magnetometer (VSM)

VSM was widely used to study the magnetic behaviour of samples **'%. A brief
paragraph on the VSM data for 3d-series doped CF-NPs obtained by various research
groups is described in the following paragraph, whereas the VSM data for 4d-series

doped CF-NPs obtained by various research groups is listed in Table 2.13.

Table 2.13: List of a few important magnetic properties of doped CF with 4d-series ions

Dopant (M) Ref. | Dopant (Hy) Ref. | Dopant 3(HyY Ref.
Y °(D) 1 Y [(D) to (] - Y [() to (D)] 7
Y (D) 21 Y 7(|) 21 Y (D) 21
Y (D) 7 Y (D) 7 Zr [0) &2
Y (D) 132 Y (1 132 7r 0} 127
Zr (D) 62 Zr [0} 62 Nb (D) 129
Zr (D) 127 Zr [(1) to (D)] 27 Mo 5(R) 130
Nb (D) 129 Mo (D) 130 Ag Q(E) 105
Mo [H[Dtom] | ¥ Mo (D) 128 Dopant | %(M)) Ref.
Mo 12[(|) to (D)] 128 RU (D) 12T Y (D) 125
Ru (D) 120 Ag B[(1) and (D)] 105 Zr (D) &2
Ag (D) 105 Cd (D) 19 7r (D) 127
Cd [(1) to (D)] 122 Dopant >(M,/My) Ref. Mo 0(3) 128
Cd [(1) to (D)] = Y [(D) to (] e Cd (%) 19

- - - Cd (D) w - - -
Where, M, = Saturation magnetisation, H, = Coercivity/coercive field, H, = Anisotropy/anisotropy field,
M, = Remnance magnetisation, M,/M; = Remnance ratio, D = Decreased, | = Increased, R = Reduced,

E = Enhanced, S = Same, [(D) to (1)] = First decreased and then increased, [(I) to (D)] = First increased and
then decreased, [(D) and (I)] = Decreased as well as increased.

The magnetic properties of 3d-series doped CF-NPs were studied by using Vibrating
Sample Magnetometer (VSM). The hysteresis loop showed that the saturation
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magnetisation (Ms) decreased with increasing scandium content. The coercivity (Hc)
increased from 1200 G to 7194 G for r=0 to r=0.8 when CF-NPs were doped with
scandium . The out of plane hysteresis loop also indicated that there was some
difference between CF-NPs thin films with scandium doped CF-NPs °The
vanadium substitution changes the anisotropy field that can also effect on the
coercivity value 3. The titanium doped CF-NPs showed the reduced Curie
temperatures, decreased magneto mechanical hysteresis and magnetic anisotropy **'.
The reduction in magnetocrystalline anisotropy continued for the limit (x = 0.3) at
300 K . The chromium substituted CF-NPs decreased magnetic anisotropy **. A
decrease in magnetic anisotropy was observed with increase Cr content for a constant
temperature ®. It is believed that replacement of Fe** ion with less magnetic Cr®* ion
at octahedral (B) site caused this decrease (i.e., decrease in magnetic anisotropy) .
The coercivity was also decreased due to migration of Co®" ions into the tetrahedral
site 1. All the manganese doped CF-NPs samples resulted to decrease in magnetic
anisotropy with increasing Cr content and increased with decreasing temparature
observed at the range of 400 and 150 K ?'. The mangetostriction coefficient was
monotonically decreased with increasing Mn content *¥. The wide hysteresis loop

| 1% 1t also observed that all the

defined characteristics of hard magnetic materia
synthesised Mn doped CF-NPs have coercivity (Hc) always greater than half the value
of remanent magnetisation (Mr) *®. The nickel substituted CF- NPs showed that the
magnetic saturation (Ms) was decreased with increasing Ni** ion concentrations 2.
The hysteresis loop of nickel substituted CF-NPs for the concentration 0.4 give rise to
maximum crystallite size of 44 nm *°. The coercivity (Hc) was increased with doping
of nickel ion due to many factors like size distribution, morphology of particles,
magnetic domain size, micro strain and the distribution of cations at octahedral and

® The copper substituted CF-NPs behaved like ferromagnetic

tetrahedral sites
material at room temperature. The hysteresis loop of the prepared sample in the
absence of magnetic field showed spontaneous magnetisation ***'**° The saturation
magnetisation of zinc substituted CF-NPs was increased with increasing zinc content.
Magnetic measurements confirmed the ferromagnetic behaviour of Zn doped CF-NPs.
The hysteresis curve confirmed that saturation magnetisation, coercivity, and

remanent magnetisation decreased with increasing zinc content *>107 112113
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2.12.5 Study of morphology of particles using electron microscopy

FESEM was mostly used to study the morphology of the synthesised samples >,
A brief paragraph on the Field Emission Scanning Electron Microscopy/Scanning
Electron Microscopy (FESEM/SEM) for 3d-doped and 4d-doped CF-NPs obtained by

various research groups is described in the following paragraph.

Lefevre et al. observed the surface of the thin films using SEM **°.Imanipour reported
that doping with vanadium changed the morphology of cobalt ferrite from semi-
spherical to cubical. The EDAX analysis demonstrated the existence of secondary
phases like Fe,O3 were confirmed using FE-SEM in case of vanadium doped CF-NPs
133 Ti doped CF-NPs showed existence of greater porosities by cation substitution
than undoped CF-NPs **. Cr-doped CF-NPs for all the sintered samples showed
small grain size and homogeneous microstructure. It also confirmed the formation of
nanoparticles at room temperature ***¥. Mn substituted CF-NPs showed dense and
homogeneous microstructure **8. Ni substitution showed random distribution and
agglomeration of grains because of the ignition of fuel during course of reaction **°.
Cu substitution showed an angular morphology and irregular agglomerated particles.
The shape of particles is yeast like ***'*. The Zn substituted CF-NPs formed spherical

shaped very fine agglomerated particles %1%,

The HR-SEM (High Resolution-Scanning Electron Microscopy) study of yttrium
doped CF-NPs confirmed the cubic morphology of the particles . All the zirconium
doped samples were of spherical shapes. Broad range of particle sizes were observed
126 Ramana et al. observed that an increase in molybdenum content increased the
particle size of the product. They believed that this may be due to either difference in
ionic sizes of molybdenum and iron or variable valences of molybdenum. They also
assumed that replacement of iron with larger molybdenum affected the mobility of
particles which led to the formation of larger particles **. It was also observed that
particles of different shapes were obtained when they were synthesised using different
methods. One example of this phenomenon was reported by Gingasu et al. Porous and

complex shaped particles were obtained when they prepared silver doped CF via self-
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combustion method using extract of hibiscus flower whereas agglomeration of fine

particles was observed when synthesised using wet-ferritization method *.

The FE-SEM studies of yttrium doped CF-NPs confirmed the formation of
homogeneously distributed agglomerated particles of uniform shape at the dopant
level x = 0.5 2%, The zirconium substitution formed highly agglomerated particles **’.
On the other hand, ruthenium doped samples were of spherical morphology.
Agglomeration of particles was also observed *?°. The silver doped sample of CF-NPs

showed distorted cubic morphology 2.

2.13 CF-NPs doped with rare earth elements

Cobalt ferrites is doped with rare earth elements by several research groups °. Jauhar
et al. reported in their review paper that several rare earth ions doped CF-NPs, for
example, “CoLng 12Fe18804” where Ln = Sm, Ce, Eu, Dy, Gd, Er were synthesised.
Doping of Sm**, Eu®" and Ce®* decreased saturation magnetisation values. Coercivity
increased with an increase in doping levels of these ions °. A series of rare-earth
doped CF-NPs with general formulae “CoFe; gRE(104” where RE = La, Ce, Nd, Sm,
Eu, Gd, Th, Ho were prepared. It was reported that lattice parameters of these doped
materials were larger than the un-doped CF-NPs °. Doping of Dy*" ions increased
both lattice parameter and size of crystals, whereas Curie temperature reduced
unexpectedly '*. Effect of doping in cobalt ferrite with rare earth elements is
tabulated in Table 2.14.

Table 2.14: Effect of doping in CF-NPs with rare earth elements

Rare earth elements
Dopant/s Properties Effect of doping Ref.
Sm> Saturation magnetisation Decreases °
Dy** Lattice parameter and coercivity | Increases 19
Eu* Saturation magnetisation Decreases °
ce* Coercivity Increases °

2.14 CF-NPs doped with representative elements
Representative elements are also used as dopants/substituents to modify the properties
of cobalt ferrites °. Mg** ion-doped CF-NPs shows that crystallite size decreases and

coercivity increases when level of doping was increased *°. It is possible to dope

41



cobalt ferrite with calcium ions. It was observed that Ca®* ions occupy ‘A’ sites of the
tetrahedral ferrite sub-lattice *** . They also observed that AI** ions doped CF-NPs
showed decrease in saturation magnetisation and lattice parameter with increase in
level of doping. This phenomenon was observed by Waghmare et al. as well ***. CF-
NPs were doped with tin, gallium, and bismuth. Doping with these elements increased
the lattice parameter °. Sn-doping decreases saturation magnetisation due its non-
magnetic property whereas, it increases with the doping of bismuth and gallium °.
Gore et al. reported that bismuth doped ferrites can have the potential for application
in magnetic recording and memory devices . The effect of doping in CF-NPs with

few representative elements is listed in Table 2.15 %42,

Table 2.15: Effect of doping in CF-NPs with representative elements

Dopant/s Properties Effect of doping Ref.
24 Crystallite size Decreases 0
Mg — 140
Coercivity Increases
Al Lattice parameter Linear decrease o142
Saturation magnetisation Linear decrease o142
Sn** Saturation magnetisation Decreases °
Bi*" Lattice parameter Increases °

2.15 CF-NPs doped with non-metals

The non-metal doped cobalt ferrite affected the band-gap of the crystals with the
enhancement of nonmagnetic material properties °. Cao et al. doped CF-NPs with
sulphur that can be used for higher chemical reactivity than the un-doped material.
The doping of non-metal increases saturation magnetisation due to the cation
redistribution and larger nanoparticles size ®. They also reported in a sepearte work
that the doping of CF-NPs with carbon increase its saturation magnetisation (Ms). The
M;s value of nitrogen-doped CF-NPs shows no change due to the introduced non-
magnetic Fe,O3 **. Effect of doping in cobalt ferrite with non-metals is presented in
Table 2.16 %1%,

Table 2.16: Effect of doping in CF-NPs with non-metals
Non-metal

Dopant/s

Properties

Effect of doping

Ref.

Saturation magnetisation

Increases

88

Saturation magnetisation

No change

143

S
N
C

Saturation magnetisation

Increases
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2.16 CF-NPs doped with more than one element

Few research groups synthesised CF-NPs doped with more than one element *'*. A
brief review on co-doped CF-NPs is presented in Table 2.17.
Table 2.17: Effect of doping in CF-NPs with more than one element
S. No. Dopants Routes of synthesis Remarks/Effect of doping Ref.

1. | Cdand Cr | Standard ceramic Substitution of Cr**in CF-NPs did not influence s

techniques cadmium concentration dependent properties of CF-NPs.
Addition of Cr** reduced the saturation magnetisation
values. CF-NPs remained paramagnetic even after co-
doping.

2. | Mnand Cd | Sol-gel auto- Substitution of Mn®* in Cd-doped CF-NPs influenced its | ™
combustion properties significantly, e.g., lattice constant and bulk

density increased whereas saturation magnetisation
value decreased.

3. | Crand Ce | Co-precipitation Broad (311) reflection demonstrated that particles of 1
smaller sizes were formed as compared to undoped
materials. lonic size of cerium influenced crystallite size
of the product. Cerium having higher ionic size than iron
resulted in the formation of larger crystallite sizes than
doped or un-doped material. SEM result showed
formation of cubic shaped particles. Agglomeration was
also observed.

4. | Cuand Bi | Solution Co-doping samples demonstrated antibacterial activities |

combustion against S. aureus and E. coli. They also studied the
technique photocatalytic degradation of Congo red dye under UV
and Visible light. It can be used in water treatment.

5. | Mnand Ni | Co-precipitation Materials with desired band gaps can be synthesised via | **
this method by changing the dopant. It also changed its
dielectric properties.

6. | Cuand Ce | Combustion The product was effective in photocatalytic degradation 75

technique of Congo red and bisphenol A and hence can be used for
water treatment.

7. | Ceand Mn | Facile co- Co-doped samples had cubic spinel structure. A e
precipitation secondary phase of CeO, was observed. Existence of
technique metal oxygen bond was confirmed through FTIR apart

from this vibrational stretching of octahedral and
tetrahedral lattice positions were also observed. CF-NPs
showed spherical shapes in SEM analysis. Co-doping
improved magnetic properties significantly.

8. | CuandBi | Solution Photocatalytic degradation activity of Congo red dye 1
combustion was found to be maximum in co-doped samples whereas

it was minimum in un-doped CF-NPs. The extent of this
activity of doped samples is more than un-doped
samples whereas it is less than co-doped samples. They
also showed antibacterial activities against S. aureus and
E. coli.

The doping/co-doping of CF-NPs can alter their properties °. Hence, these materials

can be used for various applications *°. The different applications of co-doped CF-

NPs are discussed in the following section (see sec. 2.17).
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2.17 Applications of co-doped CF-NPs

Cobalt ferrites have various applications in scientific and industrial fields. There is
need to dope cobalt ferrites for modifying and optimize its magnetic and
microstructural properties. Doped/co-doped elements and their quantity is a major
factor to be studied "%, Chakrabarty et al. co-doped CF-NPs with manganese and
nickel and observed the improved dielectric properties that can be used in device
applications **®. Shakil et al. observed that CF-NPs co-doped with zinc and cadmium
were used in numerous applications, e.g., as sensors and actuators, data storage
devices, magnetic recording devices, and in biomedical equipment’s 150 Geetha et al.
observed that co-doped CF-NPs with Al and Ce show potential application in high-

frequency memory devices .

Kirankumar et al. reported the photocatalytic
degradation activities of CF-NPs co-doped with copper and cerium in Congo red and
bisphenol A ™. Sumathi et al. observed the enhanced antibacterial and photocatalytic
activity of CF-NPs when they co-doped CF-NPs with bismuth and copper ions .
Similarly, the bismuth and silver-co-doped CF-NPs also show enhanced antibacterial
activities as compared to un-doped CF-NPs *°. The copper and chromium-co-doped
CF-NPs show low dielectric loss, which improves their application in wireless

communication and in various electronic devices °°.

The composite material shows the improved properties. Hence there is need to
fabrication of composites of materials for desired properties and applications 2. A

brief discussion on composite of CF-NPs is as follows (see sec. 2.18).

2.18 Composites of CF-NPs
2.18.1 The basic concepts related to composite
Composite materials are formed with the combination of two or more than two
different materials 2°. The different components of composites are insoluble in each
other 2. These properties make them an unique material ***. Wood and bone are
natural composites *°2'°*. Concrete, and fibre glass are the another examples of
composites 2***. Generally, composite material contains three components:

i.  Matrix (continuous phase)

ii.  Reinforcements (dispersed or discontinuous phase)
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ili.  Interphase (fine interphase region)
The properties of composite materials can be tailored according to the requirements
by changing the matrix, reinforcement, and the manufacturing process. Hence, they

can be used in various applications (see sub-sec. 2.18.3) **%.

2.18.2 Properties of composite materials

The composite material shows several unique properties e.g., polymer composites are
of lightweight, structurally stable, high strength to weight ratio and improved heat
resistance activities *°>***!°°_ These properties and applications depend up on matrix
and reinforcement, their ratios, and manufacturing process etc. These materials can be

used for several applications *°%%**,

2.18.3 Applications of composites

These materials show various applications in the different fields. The composites can
be used in the defence, aerospace, and transportation applications **? . These materials
can also be used in mechanical, civil, structural, and electronic engineering. They are
used extensively in several biomedical applications, for example, in orthopaedics and
dentistry **°. Composites containing aramid fibres are suitable materials for protective
covering like armour. Similarly, composites of Kelvar can be used for ballistic
protection. They are flexible with lightweight property and hence suitable for
bulletproof clothing. Several components of rocket and aircraft engines are fabricated
using composites having a metal as a matrix material. Carbon containing composites
are used in aerospace applications because of their temperature resistance quality 2.
The composite manufacturing technique is described in the following section (see
sub-sec. 2.18.4).

2.18.4 Composite manufacturing techniques
The composite materials can be synthesised by using following methods *°2;
i.  Open contact moulding Hand
ii.  Resin infusion processes
iii. ~ Compression moulding

iv.  Injection moulding
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v.  Filament winding
vi.  Pultrusion process
vii.  Automated fibre placement
viii.  Additive manufacturing

A list of composites prepared using different methods is presented in Table 2.18
3,11,153,156-167

Table 2.18: Different methods of preparation of composite materials

S. No.

Components of composites

Method of
preparation

Impact of composite

Ref.

CoFe,0,/FeOOH

One-pot
hydrothermal

Flower like nanocomposite of
CoFe,0,/FeOOH prepared through one-
pot hydrothermal method without use of
any surfactant. It shows improved super
capacitive activities.

161

SnO,/graphite

Hydrothermal

The as prepared composite shows
improved structural, dielectric, optical and
electrochemical properties.

164

CoFe,0,/PANI/Ag

Reduction
chemical

The novel CoFe,O4/PANI/Ag
nanocomposite shows improved
antibacterial activity against gram-negative
and gram-positive bacteria.

153

Ag/ZnO

Facile Sol-Gel

The synthesised Ag/ZnO nanocomposite
act as high performance photo catalyst.

163

CoFe,0,:BaTiO; core-shell

Hydrothermal and
sol-gel

The hydrothermal and sol-gel routes used
to prepare the combination mixture and
CoFe204:BaTiO3 nanocomposites with
(1:1) weight ratio.

165

Polyaniline (PANI) and
montmorillonite (MMT)

Mechanochemical
intercalation

The synthesised nanocomposites of
polyaniline (PANI) and montmorillonite
(MMT) by using the mechanochemical
intercalation method show improved
thermal stability of PANI with addition of
MMT.

166

CuO/Zn0O

Mortar and pestle

The nanocomposite of CuO/ZnO
synthesised successfully using mortar-
pestle method at room temperature (weight
ratio of 1:1). It was observed that the
samples contained crystals (88.3% samples
had crystal with crystalline size 4.18 nm).

167

BaTiO;/CoFe,0,

Structure
replication

The multiferroic BaTiO5/CoFe,0,
nanostructured composite material shows
the improved ferrimagnetic behaviour.

156

Fe, N co-doped
TiOZ/COFEZO4

Precipitation

The prepared nanocomposites reveal the
enhanced photocatalytic performance for
the degradation of methyl orange dye as

compared to TiO,.

157

10.

Ferrite/Multi-Walled
Carbon Nano-Tubes
(MWCNTS)

Reverse micelle

Ferrite/Multi-Walled Carbon Nano-Tubes
(MWCNTSs) composite material formation
was confirmed by TEM images. The
composite material shows the
superparamagnetic behaviour.

158

11.

CoFe,0,/ Multi-wall carbon
nanotubes (MWCNTS)

Electrospinning

Lamastra et al. studied the structural and
morphological study of composite material
of electrospun CoFe,0,/MWCNTSs.

1T
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S. No. | Components of composites Method of Impact of composite Ref.
preparation

12. | CoFe,0O, and graphene One-step Fu et al. reported the formation of
hydrothermal composites having CF with graphene.
They observed that it intensely changed
into highly active catalyst for degradation
of rhodamine B, active black BL-G,
methylene blue, active red RGB and
methyl orange under visible light

irradiation
13. | Chitosan/ Zero-length Qin et al. prepared the magnetic chitosan- 1%
ethylenediaminetetraacetate/ | emulsion EDTA enwrapped CF-NPs by using the
CoFe,0, crosslinking facile zero length emulsion cross-linking
method.
14. | CoFe,O4/Poly vinyl alcohol | Modified co- Synthesised nanocomposites of cobalt 160
(PVA) precipitation ferrite with polyvinyl alcohol having

magnetic properties.

We used mortar-pestle grinding method which is described briefly in the following

sub-section (see sub-section 2.18.5).

2.18.5 Mortar and pestle grinding method

The grinding technique is an important aspect of mechanochemical synthesis or
reactions. It can be done through mortar and pestle. The main advantage of mortar-
pestle grinding method is that it does not require sophisticated laboratory
infrastructure *°®%_ Details of the mortar and pestle grinding method are discussed in
chapter-3 (sec. 3.5 of Materials and Methods).

The co-doped CF-NPs and composite materials are used as antimicrobial agents.
These materials show the enhanced antibacterial activities **"***®, Since our work is
based on antibacterial behaviour of CF-NPs and its composite materials. Here, we are
discussing about the antibacterial activities of magnetic materials briefly in the

following section (see sec. 2.19).

2.19 Antibacterial activities

The antibacterial activity is the ability of a molecule of compound to inhibit the
growth of bacteria. They also kill them. Antibacterial agents play important role in
this process. The antibacterial agents can either be kill the bacteria, or inhibit the

bacterial growth ™.
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2.19.1 Impact of bacteria on human health

Bacteria are ubiquitous in nature. It can grow in plant animal including human body.
They make colonies in various parts of our body such as gastrointestinal tract,
mucosa, skin, mammary gland, urogenital tract, and the respiratory tract. They can
formed the complex but discrete ecosystem to adapt in any environmental conditions.
A steady relationship between the human body and its natural microbiota starts with

childbirth. These exchanges are crucial for preserving overall health and wellness *"*.

Earlier research on the human microbiome project has revealed that adaptations in the
immunological atmosphere could be directly linked with a dysbiotic gut flora.
Dysbiosis has also been linked to serious medical disorders such as cardiovascular
disease, cancer, bowel inflammatory and antibiotic-resistant bacteria infections that

are difficult to cure *'%.

Magnetic nanoparticles show the improved antibacterial activities 2. A brief
discussion on magnetic nanoparticles as an antibacterial agent is as follows (see sub-
sec. 2.19.2).

2.19.2 Nanoparticles used as antibacterial agents

Bacterial infections have become a primary cause of death in recent times. Antibiotics
reduced the number of bacterial infections that caused death. Regular usage of
conventional medications prevents the development of microorganisms **3. Prolonged
and uncontrolled use of antibiotic has produced a risk for antibiotic resistant ability
7% Antibacterial agents can fight against infectious diseases, but the wide use of
antibiotics generates bacterial resistance against the antibacterial agents. This will
create the serious health issues. This motivates to develop a new material which can
fight against infectious diseases. Nanoparticles can play an important role here to
solve this problem. They can be used in different applications like in drugs, and gene

0

delivery ™. Among these MNPs, iron oxide nanoparticles may be used as

antimicrobial agents against different bacteriae. They can easily combine with other

172

antibacterial materials and  produce the antibacterial effects Iron oxide

nanoparticles show many advantages over the other NPs such as inexpensive
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synthesis, biocompatibility, feasible large-scale production, and environmental safety

etc. 1'%,

From the next paragraph we are discussing briefly about the types of bacteria in sub-
sec. 2.19.3, role of bacteria Bacillus paranthracis and Bacillus nitroreducens in sub-

sec. 2.19.4 and methods to test the antibacterial activities in sub-sec. 2.19.5.

2.19.3 Types of bacteria

The bacteria can be classified mainly into two types:

1. Gram positive bacteria

2. Gram negative bacteria

Magnetic nanoparticles (MNPs) like iron nanoparticles are acts as antibacterial agents
against Gram positive and Gram negative bacteria. Iron oxide nanoparticles can easily

combine with other antibacterial materials and produces the antibacterial effects 2.

2.19.4 Role of Bacillus paranthracis and Bacillus nitroreducens

Bacillus paranthracis belongs to Bacillus cereus group. This group has 21 species of
bacteria. These species have been found in different environments, like soil,
rhizosphere, as well as in the samples of human origin ™. It is considered as an
opportunistic pathogen, which is responsible for diarrhoea *"**"®. This organism was
characterised in 2017 and under study now *”’. Bacillus nitratireducens is a newly

identified bacterium. It is not widely recognized as a harmful bacterium 787,

2.19.5 Methods to test the antibacterial activities

Several research groups used various methods to test the antibacterial activities of the
prepared samples . Few different methods used for the detection of antibacterial
activities of the materials are discussed briefly in following subsections (see sub-sec.
2.19.5.1t02.19.5.3).

2.19.5.1. Well diffusion method
In this method initially microbial inoculum is spread over the entire surface of petri

plate containing fixed volume of agar medium. A hole of a diameter of 6 mm to 8 mm
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is punched with a sterile cork borer or a tip on agar medium under the aseptic
conditions. Fixed volume of the stock solution containing antimicrobial agent of
desired concentration are injected in the well. Agar plates are then incubated using an
incubator at a suitable temperature condition as per test microorganism. The diffusion
of antimicrobial agent into the agar medium inhibits the growth of bacteria and

creates zone of inhibitions around each well *¢°.

2.19.5.2 Agar dilution method

In the Agar dilution method, initially the stock solution of antibacterial agent of
desired concentration is incorporated into the molten agar medium, which is
inoculated with microbial inoculum under the aseptic conditions. Then petri plate is
incubated into the incubator under the suitable temperature conditions. In this method
the antibacterial agents of different concentrations are used by the serial two-fold
dilutions. Finally, the minimum inhibitory concentration (MIC) is recorded for

antimicrobial agent that inhibits the growth of bacteria *°.

2.19.5.3 Agar disk diffusion method

A microbial inoculum is spread over the entire surface of petri plate containing fixed
volume of agar medium. Then, a filter paper disk of ~ 6 mm diameter is placed on the
agar surface. A known volume of fixed concentration of stock solution is injected on
filter paper disk. Agar plates are then incubated using an incubator at a suitable
temperature condition as per test microorganism. The diffusion of antimicrobial agent
into the agar medium inhibits the growth of bacteria and creates zone of inhibitions

around each disk *€°.

We were used the Agar disk diffusion method for antimicrobial study. Hence, the
details of the Agar disk diffusion method and the mechanism of antibacterial activity
are discussed in third chapter (sec. 3.6 of Materials and Methods).

2.20 Conclusion
Ferrites show a variety of characteristics, e.g., magnetic, dielectric, optical, and

catalytic properties. The magnetic properties of the ferrites depend upon the variation
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in saturation magnetisation and coercivity. Neel temperature and Curie temperature
play an important role here. The hysteresis curve of the materials provides significant
information regarding their magnetic character. It can be classified as soft and hard
magnetic materials effectively. The dielectric properties of ferrite materials depend
upon the polarization, dielectric constant, and ionic polarization. Dielectric materials
have very high resistance. Dielectric materials are different from electrical
conductors. Ferrites can show optical behaviour and be used as catalysts as well.

Ferrites can be divided into 'spinel', ‘garnet’, 'orthoferrite’, and 'hexaferrite'.

Among ferrites, spinel ferrites have unique properties. The spinel cobalt ferrite
nanoparticles (CF-NPs) altered their properties when they were doped or co-doped
with transition metal ions, rare earth elements, non-metals, and representative
elements. These materials were synthesised by using various routes of synthesis, such
as citrate auto-ignition, hydrothermal, co-precipitation, sol-gel auto-combustion
methods via chemical and green synthesis, etc. The simplicity and cost-effective
nature of the sol-gel method make it popular among these methods. Different uses of
CF-NPs that have been doped or co-doped are caused by their altered properties. They
can be used in sensors, drug delivery, magnetic resonance imaging (MRI), and other

biomedical and technological applications.

The preparation of composite materials is another way to modify their properties. The
composites of CF-NPs can be synthesised via different methods, e.g., one-pot
hydrothermal process, modified sol-gel, hydrothermal, reduction chemical, facile sol-
gel, mechanochemical intercalation, mortar and pestle, etc. The mortar-pestle grinding
method was adopted due to its simplicity and the fact that it can be done in any

laboratory.

The antibacterial activities of magnetic ferrites can be compared with those of
antibiotics. The wide use of antibiotics generates bacterial resistance against the
antibacterial agents. MNPs can play an important role in solving this problem. The
magnetic nanoparticles may be used as antimicrobial agents against different bacteria.

They can easily combine with other antibacterial materials and produce antibacterial
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effects. The antibacterial activities of MNPs can be tested against bacteria by using
different methods, e.g., the agar well diffusion method, the agar disk diffusion
method, the agar dilution method, etc., to name but a few. The antibacterial activities
of CF-NPs and its composite materials can be compared to those of any of these

techniques.

To our knowledge, still research gap exits in co-doping of cobalt ferrite. It changes the
magnetic properties of these materials which in turn will influence the antibacterial
behaviour of cobalt ferrite. Still several transition metals for example, co-doping of
silver with copper and zinc as well as co-doping of bismuth with silver and zinc has
not been carried out. Literature says that their composites with ZnO/Ag have not been
prepared. These materials will be synthesised via sol-gel route and will be
characterized using Advanced Materials’ Characterization Techniques. The

antibacterial activities have not been explored.
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Chapter 3

Materials and methods

3.1 Introduction

Magnetic materials have much importance in the field of biomedical science. These
materials can be used in drug delivery, gene delivery, magnetic resonance imaging
(MRI), antibacterial activities of the samples, etc. To achieve this goal, we used the
sol-gel method for the synthesis of CF-NPs and co-doped CF-NPs. Mortar pestle
grinding method was used for the preparation of composite material. Tests for anti-
bacterial activities for as-prepared samples were performed using Agar disk diffusion.
Efforts were made to reduce the impurity of the samples. All the CF-NPs samples are

characterised using the various Advanced Materials’ characterization techniques.

3.2 Chapter layout

The procedure for the synthesis of CF-NPs samples is discussed in sec. 3.3. The
various advanced materials characterization techniques used for the characterization
of CF-NPs are discussed in sec. 3.4. Method of preparation of composite is discussed
in sec. 3.5, and the antibacterial activity is discussed in sec. 3.6. The chapter is

summarised in sec. 3.7.

3.3 Synthesis of un-doped, doped and co-doped CF-NPs via sol-gel route
3.3.1 Equipment used for the synthesis of un-doped, doped and co-doped CF-NPs,

composites as well as for antibacterial activity test
Specifications of all the apparatus including glassware used for the synthesis of un-

doped, doped and co-doped CF-NPs, preparation of their composites and antibacterial

activity test of all the samples are listed in Table 3.1.
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Table 3.1: List of glassware and apparatus used with specifications

S. No. Glassware/Apparatus used Model/Make
1. | Weighing machine NAVYUG
2. | Hot plate NAVYUG
3. | Magnetic stirrer IKA®C-MAG HS 7
4. | 250ml Beakers Borosilicate glass
5. | 250ml conical flask Borosilicate glass
6. | Spatula Steel spatula
7. | Glass rod Borosilicate glass
8. | Crucible Silica crucible
9. | pH meter HANNA S358236
10. | Bath sonicator M labs ULL-15A
11. | Muffle furnace NAVYUG
12. | 100 ml Measuring cylinder Borosilicate glass
13. | Mortar-pestle Ceramic
14. | Watch glass Borosilicate glass
15. | Petri plate Borosilicate glass
16. | Incubator NAVYUG
17. | Laminar air flow LAMBA UDYOG
18. | Autoclave SHIVA
19. | Micro pipette BEXCO
20. | Forceps Steel
21. | Sprit lamp Steel
22. | Buds Tulips

3.3.2 Chemicals used for the synthesis of un-doped, doped and co-doped CF- NPs

Chemicals used for the synthesis of un-doped, doped and co-doped CF-NPs are listed
in Table 3.2.

Table 3.2 List of chemical used for the synthesis of co-doped CF-NPs

S. No. Name of Molecular Source Purity level Mol. wt. | Purpose of
chemicals formula use
1. | Ferric nitrate Fe(NO3)3.9H,0 Alpha 98% AR 404 | Synthesis of
nonahydrate Chemika CF-NPs
2. | Cobalt nitrate Co(NO3),.6H,0 Molychem | 97% Extra pure 291.03 | Synthesis of
hexahydrate CF-NPs
3. | Bismuth nitrate | Bi(NO5)3.5H,0 Ranbaxy 98.5% Pure 485.07 | Dopant
pentahydrate
4. | Silver nitrate AgNO; Fine 98% Pure 169.87 | Dopant
5. | Zinc nitrate Zn(NOs3),.6H,0 Molychem | 98% 297.48 | Dopant
hexahydrate
6. | Copper nitrate Cu(NO3),.3H,0 Alpha 98% Pure 241.60 | Dopant
trinydrate Chemika
7. | Citric acid CeHgO4 Ranbaxy 99.5% Pure 210.14 | Fuel
monohydrate
8. | Ammonium NH,OH Molychem | 25% AR 35.05 | pH maintain
hydroxide

AR = Analytical reagent

54



3.3.3 Method of synthesis of co-doped CF-NPs

Stoichiometric amounts of cobalt nitrate hexahydrate and ferric nitrate nonahydrate
were taken as starting materials and were dissolved in deionised water. Transition
metal nitrates were used for co-doping. These metal precursors were dissolved in the
deionised water to form colloidal solution. The mixture was stirred for few minutes
using a magnetic stirrer. Citric acid was added as a fuel in the reaction mixture. The
as-prepared sol was heated while stirring at 80 °C to 90 °C for the completion of the
reaction. Ammonia solution was added during heating accompanied by stirring to
maintain the pH of the reaction mixture. The sol was continuously heated under

constant stirring until a gel was formed. The gel was heated strongly when a powder

was formed "*®'. Schematic of above described process is shown in fig. 3.1,

Aqueous

medium

Heating | Stirring

Characterization of product using
Advanced Materials” Characterization
Techniques

Fig. 3.1 Schematic of sol-gel route of synthesis

Various steps involved during synthesis of CF-NPs are represented in fig. 3.2.
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Heating & stirring

Powder sample 7 Fluffy sample Heating of gel
Fig. 3.2 various steps involved during the synthesis of co-doped CF-NPs via sol-gel route

It was found that metal nitrates were used as starting materials in most of the cases
irrespective of the route of synthesis adopted for the purpose '
2162,65.77104105120.122.123125-128 " pavy research groups used oxides as their starting
materials e.g., doping with niobium, molybdenum, ruthenium, and cadmium was
carried out using metal oxides 24124129130 | the case of doping with yttrium as well,
oxide of yttrium was used as a source of yttrium. Although, in these cases (i.e., in the
case of yttrium doping) nitric acid was used as one of the reactants. It was believed
that Y,Oj3 reacted with nitric acid to produce nitrate of yttrium %% |shaque et al.
used ferric chloride as a source of iron, CoO,C4sHs.4H,0 as a source of cobalt, and
Y,03 as a source of yttrium. They used NaOH and Na,COj3 to maintain the pH of the
system **2. Noor et al., used polycrystalline samples of mixed ferrites as starting
materials 3. Citric acid was used as an important reactant by several research groups
20.77,105.122.126127 ' gharma et al. reported that citric acid was used as a chelating agent ’’
whereas Chakrabarty et al. used polyvinyl alcohol to reduce the process of
agglomeration 1%, Here, we used metal nitrates as starting materials for the synthesis

of CF-NPs.
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3.3.4 List of synthesised samples of un-doped, doped and co-doped CF-NPs

Table 3.3: List of synthesised un-doped, doped and co-doped CF-NPs samples

S.No. | Sample-ids Dopant/s Level of doping Desired products
of CF-NPs

1. | SK-002 Ag 0.1 | CoFe;9Ag0104

2. | SK-005 Cu 0.1 | CoggCug Fe,0,

3. | SK-007 Bi 0.1 | CoFe;¢Big10,4

4. | SK-008 Zn 0.1 | CoFe;4Zng,04

5. | SK-006 Cu & Ag 0.1 & 0.1 | CoggCugiFe; gAYy 10,

6. | SK-013 Cu & Ag 0.05 & 0.05 | Cogg5CUg05F€e1.95Ad0.050.

7. | SK-018 Cu & Ag 0.15 & 0.15 | Cogg5CUg 15F€1 85Ad0.1504

8. | SK-012 Zn & Ag 0.1 &0.1 | CoggeZng1Fe;gAg10,

9. | SK-014 Zn & Ag 0.05 & 0.05 | Cog.95 ZNg05F€1.95A0.0504
10. | SK-019 Zn & Ag 0.15 & 0.15 | CoggsZNg.15F€1.85A00.1504
11. | SK-011 Cu&Zn 0.1 & 0.1 | CoygCugiFe;4Zng10,

12. | SK-015 Cu&Zn 0.05 & 0.05 | Cog g5 CUgosF€1.95ZN0.0504
13. | SK-020 Cu & Zn 0.15 & 0.15 | Cogg5CUg 15F€185ZNg 1504
14. | SK-001 Bi & Ag 0.1& 0.1 | CoggBigiFe;9Ag10,

15. | SK-016 Bi & Ag 0.05 & 0.05 | Coq g5 Big.o5F€1.95A00,0504
16. | SK-021 Bi & Ag 0.15 & 0.15 | CoggsBig.15F€1.85A00.1504

17. | SK-010 Bi & Zn 0.1 &0.1 | CoggBigiFe;9Zng.0,

18. | SK-017 Bi & Zn 0.05 & 0.05 | Cog.g5Bigg5F€1.952N 0,050,
19. | SK-022 Bi & Zn 0.15 & 0.15 | CoggsBig15F€1.85ZN0.1504

20. | SK-023 Un-doped 0 | CoFe,0,

All the synthesised samples with their sample-ids are listed in Table 3.3.

3.4 Advanced Materials’ Characterization techniques used for the characterization
of CF-NPs samples

Several Advanced Materials’ Characterization Techniques were used for the
characterization of CF-NPs samples. X-ray diffraction (XRD) technique is used to
study the crystalline structure of the sample (sub-sec. 3.4.1). We used Fourier-
transform infrared (FTIR) spectroscopy (sub-sec. 3.4.2) for analysing the, functional
groups present in the sample. Vibrating sample magnetometer (VSM) and Field
Emission scanning electron microscopy (FESEM) are discussed in sub-sec. 3.4.3 and
sec. 3.4.4 respectively. Energy dispersive X-ray analysis (EDX) technique is used for
elemental analysis (sub-sec. 3.4.5). Thermal analyses of the samples were carried out
using Thermogravimetric Analysis (TGA, see sub-sec 3.4.6) and Differential
Scanning Calorimetry (DSC, see sub-sec. 3.4.7). The details of various analytical

methods used for the characterization of CF-NPs samples are listed in Table 3.4.
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Table 3.4: Instruments used to investigate the characteristics of synthesised CF-NPs

Characterisation Make Model Location Purpose Ref.
technique

XRD Bruker D8 ADVANCE | CIF, LPU, Crystalline structure m
Phagwara studies

FTIR PerkinElmer | ATR Two CIF, LPU, Functional group T
Phagwara identification

VSM MicroSense | EZ-9 Sprint Testing Magnetic properties 3
Solution, Mumbai | studies

FESEM/EDS Carl Zeiss SUPRA 55 Sprint Testing Morphological m

Solution, Mumbai | studies/Elemental
identification

TGA PerkinElmer | TGA 4000 CIF, LPU, Thermal properties of |
Phagwara samples

DSC PerkinElmer | DSC 6000 CIF, LPU, Thermal properties of | ™t
Phagwara samples

The crystal structure study of the samples was investigated by using X-ray diffraction
(XRD) technique. From the next sub-sec. 3.4.1 the ‘XRD’ technique is discussed in
detail.

3.4.1 X-ray diffraction (XRD) technique

Introduction

X-ray diffraction (XRD) technique is used to study the crystalline structure, different
phases present in the sample, as well as crystal orientation. Several structural
parameters, like crystallinity, strain in crystal, crystal defects, and average grain size

can be studied using this technique %2,

Basic principle of XRD technique

In crystals, atoms and ions exist in regular arrangements. They form a motif or a
pattern that extends in all three dimensions, making a large network. The interatomic
distances in crystals are normally in angstrom units (normally 1 A, and 1 A = 10 m)
18 Hence, for X-rays, crystals act as diffraction gratings. In the XRD technique, X-
rays are allowed to fall on samples; these X-rays change their path after interacting
with sample. The X-rays, after interaction with samples, interfere with each other.
Constructive interferences occur when the X-rays interact in the same phase, which
happens in the case of crystals having a regular arrangement of atoms and ions. This
whole process is explained through Bragg’s law. Bragg’s law is given by W. L. Bragg
and W. H. Bragg. Bragg’s law is explained in the following paragraph.
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The principle of the XRD method is based on the diffraction of X-rays by periodic
atomic planes and the angle or energy-resolved detection of the diffracted signal. W.
L. Bragg gave a geometrical explanation of the XRD diffraction technique. It is

depicted in fig. 3.3.

Fig. 3.3 Geometrical condition for diffraction from lattice planes **.

Eq" (3.1) represents the Bragg’s equation 184,
nl = 2dp,; Sind .................. (3.1)
Where,
n = Order of diffraction,
A = Wavelength of the incident beam in nm
dpi; = Lattice spacing in nm,

6 = Angle of the diffracted beam in degree

Bragg’s law gives the relationship between wavelength of electromagnetic radiation,
diffraction angle, and lattice space in a crystalline material. In this method, the
diffracted X-rays are detected, treated, and counted. The sample was scanned at the
range of 20 degrees. All the lattice diffraction directions should be achieved due to the
random orientation of powder materials. Each compound has a particular set of d-
spacing. The interconversion of diffraction peaks with d-spacing’s identified the

compound.
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Instrumentation and working
An X-ray diffractometer contains five basic elements, such as an X-ray tube,
goniometer, sample holder, X-ray detector, and recorder. The brief description of

these basic elements is explained in the following sub-sections.

(1) X-ray tube: The X-ray tube generates the X-rays by heating the tungsten filament
in a cathode ray tube and producing the electrons. The applied voltage accelerates
these electrons towards a target material and bombards it with electrons. The electrons
of sufficient energy removed the inner shell electrons of the target material and
produced specific X-ray spectra *%2. The schematic of a diffractometer system is

presented in fig. 3.4.

Goniometer

X-ray tube

Sample Analysing crystal

Fig. 3.4 Schematic diagram of a diffractometer 2,

(2) Goniometer: An angle is measured during X-ray diffraction via a device called a
goniometer. The word goniometer is the combination of two terms named ‘gonio’ and
‘meter’. The term ‘gonio’ is generated from the Greek word ‘gonia’ which means
‘angle’, while the term ‘meteron’ indicates ‘to measure’. It is used to rotate an object
at a particular angle. The goniometer holds the incident beam optics, sample holder,
and detector. The angle between the incident beam and the sample is controlled

through a goniometer *#°,
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(3) Sample holder: The sample holder may be of glass slide or ceramic tile.

(4) X-ray detector and recorder: A detector records and processes this X-ray signal
and converts the signal to a count rate, which is then output to a device such as a

printer or computer monitor .

X-ray radiations are generated in the X-ray tube by heating the tungsten filament and
producing the electrons. The voltage applied to accelerate these electrons towards a
target material bombards with electrons. The electrons of sufficient energy remove the
inner shell electrons of the target material and generate X-ray spectra. These X-ray
spectra consist of a number of components of which Ka and K are most common.
The component Ka consists Kal and Ka2 , in which Ka1 is of shorter wavelength
and its intensity is twice that of Ka2 ®2. The Schematic of atomic energy levels and

emissions of characteristic X-Ray radiations is represented in fig. 3.5 .

A
M
N
@
2
> Lal
[=11]
S K02| K61 !
L
Ko2] Kual
K L 4 v 4 L4

Fig. 3.5 Schematic of atomic energy levels and emissions of Characteristic X-Ray radiations .

The particular wavelengths of the target materials, like Cu, Fe, Mo, Cr, etc., are the
main characteristic of this analytical method. The monochromatic X-rays required for
the diffraction process are produced by filtering with foils or crystal monochrometers.
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The wavelengths of Kal and Ka2 are very close to each other’s so that the weight
average of these two is generally used. Copper is the most commonly used target
material in XRD diffraction with CuK« radiation of wavelength 1.54 A. These X-rays
are collimated and focused on the sample. The detector records and processes the X-
ray signal and converts the signal to a count rate, which is then output to a device such

as a printer or computer monitor #2184,

XRD data analysis: Generally, the diffraction data is characterised as per the intensity
distribution as a function of degree 26 angle. The content of information that can be

extracted is represented in fig. 3.6 1%,

/7 Peak position 20

FWHM

Inax /2 < > Peak area I,

Integral Vg

breadth 4/:/_ Background
D

20 (deg.)

Lpax —>

Intensity

Fig. 3.6 Graphical representation of measurement of diffraction peak 5.

The maximum peak intensity (Imax) and integrated intensity (lir;) can be well-defined
after the background subtractions. The peak position can be calculated by using a
number of methods, such as the fit of different mathematical functions, the centre of
gravity, etc. The peak width is usually considered full width at half maximum
(FWHM), consistent with peak breadth at half maximum peak intensity (Imax) Or by
the integral breadth. The different parameters are used according to the purpose of the
measurements 8. The crystallite diameter (D) of the sample from the X-ray

diffraction data is generally calculated by using Scherrer’s eqn (3.2) ®;

__ K4
- LcosO

S (3.2)



Where,

D = Crystallite size,

K = 0.9 (Scherrer’s constant for the cubic crystal structure)
A = X-rays wavelength in nm (0.154 nm = 1.54 f&),

B = Radian of full width half-maximum (FWHM),

6 = Bragg’s angle

The lattice parameter ‘a’ is calculated by using the eq” (3.3) ®;

a

) e ey S —— (3.3)

Where,
a = lattice parameter

d nkry = distance between the planes

(hkl) = Miller indices

The functional group study of the samples can be done by using the Fourier-transform
infrared (FTIR) spectroscopy. From the next sub-section 3.4.2 the ‘FTIR’

spectroscopy is described in detail.

3.4.2 Fourier-transform infrared (FTIR) spectroscopy

Introduction

Fourier-transform infrared (FTIR) spectroscopy is used to analyse the functional
groups present in the sample. The position of IR absorption bands in the spectrum
obtained is used for the identification of different chemical components present in the
compound. Generally, IR spectroscopy is developed for quantitative and qualitative

analysis °.

Basic principle of FTIR spectroscopy
The instrument named a spectrophotometer is used to determine the absorption
spectrum of a sample under investigation. The Fourier-transform spectrophotometer

gives the IR spectrum as quickly as compared to the outmoded spectrophotometer *%.
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Instrumentation and working
The schematic illustrates the main component of a simple FTIR spectrophotometer in
fig. 3.7. A brief discussion of the components of a FTIR spectrophotometer and its

working is as discussed below.

. e & Interferometer

Source

m-—-’ | ‘|
e T

Detector | "\/\/\[VV
Interferogram

Fig. 3.7 Schematic of spectrophotometer with basic components

186

The following components are used in FTIR spectrophotometer.
Source

Interferometer

Sample compartment

Detector

A A

Recorder

The IR beam originates from a luminous black-body source in the instrument. The IR
beam passes through an interferometer for spectral encoding. Beams of different path
lengths recombined in an interferometer produce constructive as well as destructive
interference, collectively called an interferogram. The beam now crosses the sample
compartment and absorbs specific energy frequencies, which is a unique characteristic
of the sample from the interferogram. The interferogram signals are detected by the
detector for all the frequencies in energy versus time simultaneously. Finally, Fourier-
transformation computer software recorded and displayed the required spectrum after
the interferogram was subtracted from the background of the sample spectrum .
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The magnetic behaviour of the samples can be studied by using the Vibrating sample
magnetometery (VSM) technique. The detail about the “VSM’ technique is discussed

in following sub-section 3.4.3.

3.4.3 Vibrating sample magnetometery (VSM)

Introduction

Vibrating sample magnetometery (VSM) is the technique used to measure the
magnetic properties of the sample. It was developed by Foner in the 1950s. This

technique was widely accepted due to its accuracy in data and flexibility **.

Basic principle of vibrating sample magnetometery

The vibrating sample magnetometery (VSM) technique is based on Faraday's Law of
Induction. It provides information that the change in magnetic field strength produces
the electric field. After measuring the electric field, we can get the change in magnetic

field. This technique is used to find out the magnetic properties of materials .

Instrumentation and working
Vibrating sample magnetometer used for the VSM study of the sample is illustrated in
fig. 3.8.

Vibration head
Electromagnets

Pick up coils Signal Reference
Power supply Lock-in Amplifier

Fig. 3.8 Schematic of vibrating sample magnetometer with basic components 2.
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The instrument contains basically six components. The brief discussion of the

instrument and its working is conferred in the following sub-sections.

1) Vibrating head: The mechanical vibration of suitable range of frequencies can be
generated by vibrating head. It is basically a loudspeaker. A rod is attached with
vibrating element and lower end of rod is used to fill the sample. Generally, it is made

up of diamagnetic, stiff, and insulating material *5"%,

2) Source of magnetic field: The magnetic field should have following two

characteristics: It should be uniform throughout the space of the sample and, should

be able to saturate the sample under analysis *¢"*%,

3) Electromagnet: The standard electromagnet which produces the uniform magnetic

field can be used for this purpose 8718,

4) Coils: Coils create lesser fields as compared to electromagnets but it can provide

better uniform field 871%°,

5) Pick-up coils: The pick-up coils are situated among the poles of electromagnet and

sample 18718,

6) Calibration: The magnetic moment calibration can be done with saturation

magnetisation value of the sample 8718,

During the working process of the instrument, the sample is placed at the lower end of
the vibrating head of the machine, and a strong magnetic field is applied to saturate
the sample. The lock-in amplifier measured the signal, and a calibration factor was
attained. It is necessary to saturate the sample in both directions with magnetic fields

and get the average value of the signal to avoid off-set signals *8"%,
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The morphology of the samples was studied with Field Emission scanning electron
microscopy (FESEM). Detail of the ‘FESEM’ technique is discussed in following
sub-section 3.4.4.

3.4.4 Field Emission scanning electron microscopy (FESEM)
Introduction

Field Emission scanning electron microscopy (FESEM) is an advanced electron
microscopic technique used to find out the images of the surface of the sample. It is
performed in the high vacuum conditions due to the tendency of the molecules to
disrupt the electron beam and emitted secondary and backscattered electrons which

are used for imaging **°.

Basic principle of FESEM technique

The FESEM technique is based on the principle of SEM analysis. The basic
difference between SEM and FESEM is that the former technique used the thermionic
electron source, while the later technique used the field emission electron source
190191 1 this technique, the interaction between the electrons and sample materials
generates the images. Due to its higher magnification as compared to a light
microscope, it provides better results for researchers. The electron source is an
important component in scanning electron microscopy. FESEM provides better

resolution and higher magnification results as compared to SEM **,

Instrumentation and working
The basic components required for the FESEM instrumentation technique are as listed
below.
1) Electron optical system: The electron optical system is required to create an
electron probe.
2) Specimen leg: The specimen leg is used to place the specimen in it.
3) Secondary electron detector: The secondary electron detector is used for the
collection of secondary electrons.
4) Image display unit: The image display unit generated the images which are

displayed on the screen.
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5) Operating system: This system is used to carry out a number of operations.
The schematic for the instrument used in the FESEM analysis technique is illustrated
in fig. 3.9.

Electron gun

Condenser lens

Scanning coil

Objective lens

—

Secondary electron detector

Specimen

192

Fig. 3.9 Schematic of FESEM with basic components

An electron beam is generated by an electron gun in which the cathode is made up of
a tungsten wire with a diameter less than 1 mm. This wire is heated up to a
temperature range of 2800 °C. Due to heating at high temperatures, the ejection of
electrons takes place from the tungsten wire. These ejected electrons are called
thermoelectrons. It is noted that lanthanum hexaboride (LaB6) can also be used as a
cathode for the production of thermoelectrons. The positively charged metal anode
collects the thermoelectrons. A small hole at the centre of the anode allows a beam of
thermoelectrons to pass. The size of the beam can be controlled by a negatively
charged electrode, which is fixed between the cathode and anode. The thinnest point
of an electron beam is called the crossover. Generally, electron beams with crossover
diameters in the range of 15 pm to 20 um are used. **. The electron beams of
requisite diameter are produced by magnetic lenses named condenser lens and
objective lens. These lenses are located inside the electron gun. A hole is created of a
thin metal plate and placed between the condenser lens and the objective lens. The
condenser lens is used to narrow down the beam of electrons. The hole allows the

narrow beam of electron passes through the objective lens which is focused in the
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electron probe towards the sample material. These electrons are called primary
electrons. The specimen leg of the instrument can move in all the directions. It can

also be sloped and rotated 2.

When the primary electron beam strikes the sample, there are possibilities of several
types of phenomena to occur. They are as follows:

I.  Secondary electrons are generated due to inelastic collision between the
primary electrons and sample. These secondary electrons are detected by
secondary electron detectors.

ii.  Backscattered electrons are generated due to elastic collision between primary
electrons and the nucleus of the atoms present in the sample. The BSE
detectors detect these electrons.

iii.  The Auger electrons may also be produced due to collision between primary
electrons and the sample due to the production of excess energy during the
transition of electrons from a higher level of energy to a lower level and
consumed to eject the electrons of other atoms of the sample.

iv.  The characteristic X-rays are also produced due to the releases of a certain
amount of energy during the transition of an electron from a higher state to a
lower state.

v.  X-ray fluorescence is created because of the interaction of highly excited
primary electrons with samples. This has a minor probe *.

The elemental detection of the samples can be studied by using the Energy dispersive
X-ray analysis (EDX). From the next sub-section 3.4.5 we are discussing the ‘EDX’

technique.

3.4.5 Energy dispersive X-ray analysis (EDX)
Introduction
Energy dispersive X-ray (EDX) spectroscopy is used to detect the elemental

composition of the sample by using scanning electron microscope (SEM) **.
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Basic principle and working of EDX

The characteristic X-rays are generated after the collision between the electron beam
and sample in a typical SEM. The X-ray emission spectrum is different for the
different elements so they can be discriminated and measured for their concentration
in the sample. The characteristic X-ray is produced by the interaction of the primary
electron beam with the atom of the sample. A primary electron beam excites the
electrons of an atom, and ejects them to create an electron hole. An outer, higher
energy shell electron of the atom replaces the missing ejected electron and releases
the additional X-ray *.

When primary electrons hit the sample, the possibility of generation of two types of
X-rays:

1. Characteristic X-rays: During the inelastic collisions between the primary electrons
beam and sample, the primary electron may impart some of its energy to the electrons
of the atoms of the sample. The electrons of the atoms of the sample material receive
this energy and get kicked-out of the shell and create a hole or an empty shell.
Electrons of higher energy levels fall to lower energy empty shells and release a
certain amount of energy in the form of characteristic X-ray. This whole process is
shown as in fig. 3.10. The characteristic X-rays analysis provides the elemental
composition of the sample.

Atomic nucleus

Kicked out electron .
jation enerey

Rad

External stimulation

Fig. 3.10 Process of generation of characteristic X-Ray **.
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The characteristic X-ray lines are named on the basis of the shell in which the
vacancy is created and the shell from which an electron drops to fill that vacancy. For
example, the Ka radiation is emitted when the ejection of an electron takes place from
the K-shell and the electron of adjacent L-shell jump down into the K-shell. If an
electron jumps down from M-shell to K-shell then the emitted radiations are known as
K radiations. Similarly, when a hole is created in L-shell and an electron jumps
down from M-shell, it is named as La-radiation and if the electron jumps down from

N-shell to L-shell the radiation is called LB radiation **.

2. Continuum (Bremsstrahlung) X-rays: The X-rays produced by the interaction
between the primary electron beam and the nucleus of the atoms present in the
sample. These X-ray characterise the background at which characteristic X-rays peaks
are imposed. Due to the difference in intensities between the continuum X-ray and the
characteristic X-ray, the continuum X-rays must be removed as background during
data analysis **.

The thermal properties of the samples were investigated using the Thermogravimetric
analysis (TGA) and Differential Scanning Calorimetry (DSC) technigues. TGA and

DSC are discussed in sub-sections 3.4.6 and 3.4.7 respectively.

3.4.6 Thermogravimetric Analysis (TGA)

Introduction

Thermogravimetric Analysis (TGA) is a powerful technique for the measurement of
the thermal stability of materials, including polymers *,

Basic principle of Thermogravimetric Analysis

In this method, changes in the weight of a specimen are measured while its
temperature is increased. Moisture and volatile contents of a sample can be measured
by TGA 1%,

Instrumentation and working

The schematic of TGA instrumentation is as shown below (see fig. 3.11) **.
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Fig. 3.11 Schematic of instrument used in thermogravimetric analysis (TGA) %,

The TGA apparatus is equipped with the following components,
1. Furnace
2. Sample pan
3. A in-built weighing scale (balance)
4. A computer to display the data

A highly sensitive scale is used for the measurement of weight change of the sample
under the control of the heat using a furnace. The balance is placed above the furnace
and thermally isolated from the heat. A high precision hang-down wire is used for the
suspension of balance into the furnace. A sample pan is placed at the end portion of
the hang-down wire. A thermostatic chamber is used to protect the balance from the

thermal effects 193194,

3.4.7 Differential Scanning Calorimetry (DSC)
Introduction
Differential scanning calorimetry (DSC) is the analytical technique that is used for the

thermal analysis of the samples 241,

Basic principle of Differential Scanning Calorimetry

DSC measured the heat flow change in materials as a function of temperature. This
technique analyses the temperature at which a sample changes its phase. Change in
phase of a material involves exchange of energy with surrounding. When energy is
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absorbed by the sample during phase change, it is called an endothermic process
whereas when a sample releases energy during phase change, it is called exothermic
reaction. DSC machine tells us the temperature at which an extra amount of energy is
either absorbed or released by the sample which suggests that the phase of the sample
has been changed at this characteristic temperature. There are several events that can
be studied using DSC, e.g., melting point, temperature of crystallisation, and
temperature of degradation. The temperature range of the machine that we used was

-70 °C to 450 °C **1%. The measurement was performed under controlled conditions
195

Instrumentation and working

The schematic of DSC instrumentation is represented in fig. 3.12. The instrument runs
isothermally with constant temperature change under an atmosphere of nitrogen. The
enthalpy change (heat flow) is plotted against time under these conditions ***%. In
this technique, the output of the signal produced is directly related to the thermal

power difference between the sample and the inert reference .

Fig. 3.12 Schematic of differential scanning calorimetry (DSC) instrument

From, the next section we will discuss about the synthesis of composites. The
ZnO/Ag composites of the CF-NPs were prepared by using the mortar-pestle grinding
technique. From the next following sec. 3.5, the synthesis of ZnO/Ag composites

using the mortar-pestle grinding method is discussed in detail.
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3.5 Synthesis of ZnO/Ag composite/s via mortar-pestle grinding method

3.5.1 Equipment’s used for the preparation of ZnO/Ag composite of CF-NPs

The details of equipment’s used for the preparation of composite materials are

discussed in sub-sec. 3.3.1 (see Table 3.1).

3.5.2 Chemical used for the preparation of ZnO/Ag composite of CF-NPs

Table 3.5: List of chemical used for the preparation of ZnO/A

composite of doped/co-doped CF-NPs

S. No. Name of chemicals Molecular Source Purity level | Mol. Wt. Purpose
formula of use
1. | CF-NPs samples - As prepared - - Matrix
2. | Silver nitrate AgNO; Fine 98% 169.87 | Additive
2. | Zinc Oxide Zn0O Molychem 99% AR 81.41 | Filler
3. | Starch (CgH1005)n Molychem - 162.14 | Binder

AR = Analytical reagent

3.5.3 Method of preparation of ZnO/Ag composite of CF-NPs

The stoichiometric amount of co-doped cobalt ferrite (CF-NPs) with transition metal
ions was used as a starting material. The powder sample of CF-NPs, zinc oxide, silver
nitrate and binder were taken in the fixed molar ratios of 1:3:3:7 respectively. Starch
was used as a binder in the composite formation. The mixture was transferred in the
mortar and pestle (ceramic). It was grounded thoroughly manually using a pastel for ~
10 minutes. The prepared sample was ZnO/Ag composite of CF-NPs 9197 The

schematic for the preparation of composite materials is represented in fig. 3.13.

Mixing

Grinding

Fig. 3.13 Schematic flow of composite preparation via mortar-pestle grinding method
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Various steps involved during the process of composite formation are depicted in fig.

3.14 as shown below.

e

Mixing of starting Addition of binder Grinding of mixture Composites
materials

Fig. 3.14 various steps involved in the formation of composite

3.5.4 Detail of composite samples of synthesised CF-NPs
A complete list of composite materials of all the synthesised CF-NP samples is listed

in Table 3.6 as shown below.

Table 3.6: List of various composite samples of un-doped, doped and co-doped CF-NPs

S.No. Sample-id of CF-NPsused | Dopant/s | Level of doping
composite as matrix

1. | SKC-002 SK-002 Ag 0.1
2. | SKC-005 SK-005 Cu 0.1
3. | SKC-007 SK-007 Bi 0.1
4. | SKC-008 SK-008 Zn 0.1
5. | SKC-006 SK-006 Cu & Ag 0.1&0.1
6. | SKC-013 SK-013 Cu & Ag 0.05 & 0.05
7. | SKC-018 SK-018 Cu & Ag 0.15 & 0.15
8. | SKC-012 SK-012 Zn & Ag 0.1&0.1
9. | SKC-014 SK-014 Zn & Ag 0.05 & 0.05
10. | SKC-019 SK-019 Zn & Ag 0.15 & 0.15
11. | SKC-011 SK-011 Cu&Zn 0.1&0.1
12. | SKC-015 SK-015 Cu&Zn 0.05 & 0.05
13. | SKC-020 SK-020 Cu&Zn 0.15 & 0.15
14. | SKC-001 SK-001 Bi & Ag 01& 0.1
15. | SKC-016 SK-016 Bi & Ag 0.05 & 0.05
16. | SKC-021 SK-021 Bi & Ag 0.15 & 0.15
17. | SKC-010 SK-010 Bi & Zn 0.1&0.1
18. | SKC-017 SK-017 Bi & Zn 0.05 & 0.05
19. | SKC-022 SK-022 Bi & Zn 0.15 & 0.15
20. | SKC-023 SK-023 Un-doped 0

The antibacterial activities of the samples were examined via Agar disk diffusion test.
Agar disk diffusion test is discussed in the next section (see sec. 3.6).
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3.6 Agar disk diffusion test for antibacterial activity
3.6.1 Introduction

The Agar disk diffusion method is a widely used method to detect the antibacterial

activities of the prepared samples. The detail of Agar disk diffusion method

described in the following paragraph.

3.6.2 Equipment used for the antibacterial activity test

The details of equipment used for the antibacterial activity test of all the prepared

samples are discussed in sub-sec. 3.3.1 (see Table 3.1).

3.6.3 Chemicals used for antibacterial activity test

Table 3.7: List of chemical used for the antibacterial study of doped/co-doped CF-NPs

is

S. No. Name of Molecular Source Purity | Mol. Wt. Purpose of use
chemicals formula level
1. | Stock solutions - Prepared samples - Antibacterial study
2. | Amoxicillin - 500 mg tablet - - Positive control
3. | Liquid paraffin CHoneo Rankem 99% 436.84 | Negative control
4. | Nutrient Agar Basal media | Himedia - - Agar medium
5. | Filter paper disk | - Whatmann paper Zone formation

3.6.4 Test for antibacterial activity of samples using Agar disk diffusion method

In this well-known procedure, agar plates are inoculated with a standardised inoculum

of the test microorganism. Filter paper disks (about 6 mm in diameter), are loaded

with the desired concentrations of the samples. These disks are then placed on the

agar surface. The Petri plates are incubated under suitable conditions. Generally, an

antimicrobial agent diffuses into the agar and inhibits germination and growth of the

test microorganism, and then the diameters of inhibition growth zones are measured

using a Vernier scale *®. Fig. 3.15 shows the formation of zones of inhibition to test

the antibacterial activities of various samples of CF-NPs and their composite

materials against Bacillus paranthracis and Bacillus nitroreducens using Agar disk

diffusion test.
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Fig. 3.15 Pictorial representation of antibacterial activity results of various samples of CF-NPs and their
composite materials against Bacillus paranthracis and Bacillus nitroreducens using agar disk diffusion test

3.6.5 Mechanism of antibacterial activity of magnetic material

The antibacterial mechanism of magnetic CF-NPs as well as their nanocomposites is

explained schematically in fig. 3.16 *"*.

@ Nanoparticle Affecting cell

. . wall structure

00000
Disrupting membrane
permeabili @

Inactivation of
Kkey enzyme

Cell rupture

Disruption of .
cellular respiration

and exocytosis

Fig. 3.16 Antibacterial mechanism of magnetic CF-NPs

It is assumed that the electrostatic forces of attraction between the magnetic

nanoparticles (MNPs) and the bacterial cell walls are responsible for their attachment

with each other. The metabolic function of the cell membrane gets disturbed due to

the electrostatic forces of attraction and damaged the cell membrane ‘™. The
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intracellular components release the genetic materials, including lipids and proteins,
after the damage of cell membrane and destroyed the bacterial cells. It is believed that
the MNPs, when catalysed, produce reactive oxygen species (ROS) and play a
significant role in killing the bacterial cell. The destruction of the cell membrane may

be due to the sharp edges and vertices on the nanostructure "%"*1%,

3.7 Conclusion
Here, we synthesised the various co-doped CF-NPs with transition metal ions via the
sol-gel method. Various Advanced Materials’ characterisation techniques were used

to characterise the prepared samples.

XRD used to study the crystalline structure of the samples. FTIR detected the
functional groups present in the samples. Magnetic character studied via VSM. The
morphology and elemental detection were carried out using FESEM/EDS analysis.
The thermal properties of the samples were examined by TGA and DSC. The
composite materials of the samples were prepared by using the mortar-pestle grinding
method. Antibacterial activities of all the prepared samples and their composites were

examined by using the Agar disk diffusion method.
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Chapter 4

Objectives and research gap

4.1 Objectives

1. Synthesis of cobalt ferrite co-doped with (a) silver (1) and copper (1) (b) zinc
(1) and silver (1) (c) copper (I1) and zinc (1), via sol-gel route and fabrication
of their composites with ZnO/Ag.

2. Synthesis of cobalt ferrite co-doped with (a) silver (I) and bismuth (111) (b) zinc
(1) and bismuth (111), via sol-gel route and fabrication of their composites with
ZnO/Ag.

3. Characterization of the above-mentioned materials using Advanced Materials'
Characterization Techniques.

4. Study of antibacterial activity of the above said materials.

4.2 Research gap

Synthesis and characterisation of ferrite nanoparticles have been done by several
research groups all over the world. These materials have numerous applications in
various fields. For example, they are used in fabricating memory devices, as
inductors, in biomedical applications, as high-frequency microwave absorbers, and in
telecommunication and radar systems, to name but a few. Several routes of synthesis
have been employed for the preparation of these materials, for example, the sol-gel
route, co-precipitation methods, Stober’s synthesis or precipitation method,
hydrothermal method, solid state reactions, and from natural products as well, for
example, china rose and egg white, have been used by several research groups. The
sol-gel method is widely used because of its several strong points. For example, it
does not require very sophisticate laboratory infrastructure, monodisperse grain sizes
can be prepared, and a variety of starting materials can be chosen to synthesise a
range of products. To our knowledge, still research gap exits in co-doping of cobalt
ferrite. It changes the magnetic properties of these materials, which in turn will
influence the antibacterial behaviour of cobalt ferrite. Still several transition metals,
for example, co-doping of silver with copper and zinc as well as co-doping of bismuth
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with silver and zinc has not been carried out. Literature says that their composites
with ZnO/Ag have not been prepared. These materials will be synthesised via the sol-
gel route and will be characterised using Advanced Materials’ characterisation
techniques. The antibacterial activities have not been explored. Research on novel and
effective antibacterial drugs will be prompted by the growing awareness of antibiotic-

resistant bacteria as a health risk.
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Chapter 5
Antibacterial activities of co-doped cobalt ferrite with Cu-Ag and their

composite/s with ZnO/Ag

5.1 Introduction

This chapter deals with the synthesised co-doped CF-NPs with Cu-Ag and its ZnO/Ag
composite materials. The various Advanced Materials’ characterisation techniques
were used to characterise these CF-NPs. The antibacterial activities of all the samples
were tested by using Agar disk diffusion test. The various results obtained are

discussed in the following sec. 5.2 t0 5.7.

5.2 Crystalline structure studies using XRD
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Fig. 5.1 Powder XRD pattern of:
(a)un-doped and doped CF-NPs with sample-ids: SK-023, SK-002 and SK-005;
(b)co-doped CF-NPs with sample-ids: SK-013, SK-006 and SK-018.

Here, fig 5.1 (a) represents the XRD pattern of un-doped CF-NPs (SK-023), silver
doped CF-NPs (SK-002), and copper doped CF-NPs (SK-005), while fig. 5.1(b)
represents the XRD pattern of Cu-Ag co-doped CF-NPs (sample-ids: SK-013, SK-
006, and SK-018). The CuKa radiation of wavelength 1.54 A was used as a source of
X-rays. It was studied at °/20 between the range of 10° to 80°. The list of samples with
their levels of doping is tabulated in Table 5.1.
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Table 5.1: List of un-doped, doped and co-doped CF-NPs with their level of doping

S.No. | Sample-ids | Dopant/s | Level of doping Desired products
1. | SK-002 Ag 0.1 | CoFe;9AQy10,
2. | SK-005 Cu 0.1 | CoFe;Cug,0,
3. | SK-013 Cu &Ag 0.05 & 0.05 | C0g95CUg 05F€1.05Ad0.0504
4. | SK-006 Cu &Ag 0.10 & 0.10 | CoygCugiFe; sAgy10,
5. SK'018 CU &Ag 015 & 015 COO.BSCUOAISFel.85A90.1504
6. | SK-023 Un-doped 0 | CoFe,0,

The angle °/260 of diffraction of using JCPDS (01-083-3116) is listed in Table 5.2.

Table 5.2: List of diffraction angles (/26) with their respective diffraction plane
Diffraction Diffraction Diffraction Diffraction Diffraction Diffraction
angle (°/20) plane angle (°/20) plane angle (°/20) plane
18.37° (111) 37.21° (222) 57.11° (333)
30.11° (220) 43.14° (400) 62.80° (440)
35.49° (311) 53.50° (422) 74.11° (533)

All the peaks confirmed the cubic inverse spinel structure of CF-NPs with space
group fd-3m . The presence of a secondary phase of silver is observed in the silver
doped sample (SK-002), same as reported in the earlier studies marked as () (see fig.
5.1a). The presence of an additional phase of silver might be due to the ionic size
difference between Ag® ions (~1.29 A) and Fe®* ions (~0.67A). Therefore, the
possibility of its occupancy at the tetrahedral or octahedral sites becomes easy.
Similarly, a secondary phase of silver marked as (e) was also noticed at co-doped
samples (SK-013, SK-006, and SK-018). lonic size differences between dopant ions
and host ions may be accountable for this type of behaviour ***?%!* No additional

F 1° It was also observed the

phase is observed in the sample of copper doped C
minor shifting in high intense peaks at the plane 311 as compared to the un-doped
sample. It might be due to the doping and co-doping of CF-NPs “°. The crystallite
sizes and lattice parameters of un-doped, doped, and co-doped CF-NPs are tabulated

in Table 5.3.

Table 5.3: The crystallite sizes and lattice parameters of un-doped, Cu and Ag doped, and Cu-Ag co-doped

CF-NPs

Sample-ids Dopant/s Doping level 20 FWHM D (nm) Lattice

parameter (A)
SK-002 Ag 0.1 35.48 0.180 ~47.0 8.381
SK-005 Cu 0.1 35.52 0.143 ~58.6 8.378
SK-013 Cu-Ag 0.05 & 0.05 35.51 0.141 ~58.4 8.385
SK-006 Cu-Ag 0.10 &0.10 35.55 0.138 ~60.8 8.373
SK-018 Cu-Ag 0.15 & 0.15 35.57 0.167 ~50.3 8.373
SK-023 Un-doped 0 35.51 0.150 ~54.0 8.385
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The lattice parameter of the cubic crystal structure was calculated by using the eq".
(3.3) % The lattice parameter in Ag-doped sample (SK-002) and Cu-doped sample
(SK-005) decreases as compared to un-doped sample (SK-023) (see Table 5.3). The
decrease in lattice parameter in sample-id: SK-002 is due to the ionic size difference
between the larger Ag” ion (1.29 A) and the smaller Fe** ion (0.67 A) *°, whereas in
sample-id: SK-005 the decrease is due to the ionic size difference between the smaller
Cu?* ion (0.73 A) and the larger Co®* ion (0.745 A) "'%°. These results are in good

agreement with earlier reported results %%

The lattice parameter of co-doped samples also decreases as compared to the un-
doped sample (SK-023) with increases in their level of doping. The lattice parameters
of co-doped samples SK-006 and SK-018 were perceived nearly the same. This

anomalous behaviour might be due to the ionic size difference of host and guest ions
75,199

The crystallite sizes of samples were calculated by using Scherrer’s eq". (see eq". 3.2).

The crystallite size in Ag-doped sample (SK-002) decreases “°*

200

, While in Cu-doped
sample (SK-005) it increases < (see Table 5.3). These results are in good agreement
with earlier reported results. Although Kirankumar et al. observed the decrease in
crystallite size in Cu-doped CF-NPs when synthesised via combustion route and

sintered at 700 °C and 900 °C for 2 hours "°.

The co-doped samples with dopants levels 0.05 (sample id: SK-013) and 0.10 (sample
id: SK-006) show an increase in crystallite size while the co-doped sample with
dopant level 0.15 (sample id: SK-018) shows a decrease in crystallite size as
compared to un-doped CF-NPs (sample id: SK-023) (see Table 5.3). The anomaly in
crystallite size of co-doped samples might be due to the difference in ionic radius of
dopants (Cu®* and Ag") ions and host (Co*" and Fe**) ions *2%2 The trends of
variation of lattice parameters and crystallite sizes of un-doped, Cu, and Ag-doped/
co-doped CF-NPs are represented in fig. 5.2.
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Fig 5.2 Variation of crystallite size and lattice parameter of un-doped CF-NPs, Cu and Ag
doped/ co-doped CF-NPs

5.3 Compositional analysis of samples using FTIR
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Fig. 5.3 FTIR pattern of sample-ids:
(a) SK-023, SK-002 and SK-005;
(b) SK-013, SK-006 and SK-018.
(c) narrow scan view of all the samples at the frequency range of 400-600 cm™.

The FTIR spectra of un-doped, Cu and Ag doped, and Cu-Ag co-doped CF-NPs are

illustrated in figs. 5.3 (a) and 5.3 (b), while fig. 5.3 (c) represents the narrow scan
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view of all the samples of CF-NPs in the range of 400 cm™ to 800 cm™. The sharp
absorption band at ~ 400 cm ™' to ~ 600 cm™! specified the metal-oxygen bonds %%,
The absorption bands at the range of ~ 535 cm ™' to ~ 523 cm ™" indicated about Fe-O
intrinsic stretch tetrahedral, while the band at the range of 404 cm™' to 408 cm™
indicated about Co-O intrinsic stretch octahedral sites "“***. The Ag-doped CF-NPs
(SK-002), Cu-doped CF-NPs (SK-005), and co-doped CF-NPs (SK-013, SK-006, and
SK-018) show few minor frequency changes as compared to the un-doped sample
(SK-023) ™. The absorption bands at the frequency range of ~ 1500 cm™' to ~ 1600
cm™ indicated H—O-H group, band at ~ 2853 cm™ for CH, symmetric, and the band
at ~ 2344 cm™ for C—O mode, while the band at the range of ~ 3670 cm™ indicates C—

H bending mode *’. These absorption bands are also listed in Table 5.4.

Table 5.4: List of absorption bands in un-doped, Cu and Ag doped, and Cu-Ag co-doped CF-NPs

SK-023 (COF8204) SK-002 (COFel_gAgo,104)

Observed Assign. Ref. Observed Assign. Ref.
abs. band abs. band

~ 3740 (-C-H) bending ° ~ 3736 (-C-H) bending >
~ 2348 (-C-0) mode 1~ 2960 (-CH,) symmetric a7
~ 1536 (H-O-H) a7 ~ 1590 (H-O-H) a7
~ 540 (Fe—0) stretch tetrahedral 1 ~560 (Fe—0) stretch tetrahedral 144
~ 402 (Co-0) stretch octahedral W]~ 448 (Co-0) stretch octahedral %

SK-005 (CoFe; ¢CUp104) SK-013 (C0g 95CUp 05F€1.95Ag0,0504)

Observed Assign. Ref. Observed Assign. Ref.
abs. band abs. band

~ 3735 (-C-H) bending > ~ 3736 (-C-H) bending >
~ 2347 (-C-0) mode a7 ~ 2341 (-C-O) mode a7
~ 1552 (H-O-H) a7 ~ 1537 (H-O-H) a7
~ 560 (Fe—0) stretch tetrahedral 4| ~547 (Fe—O) stretch tetrahedral 144
~ 402 (Co—0) stretch octahedral W1~ 404 (Co-0) stretch octahedral 1w

SK-006 (Cog oCug1Fe1.6Ag0104) SK-018 (Cog g5CUg15F€1.85A00.1504)

Observed Assign. Ref. Observed Assign. Ref.
abs. band abs. band

~ 3736 (-C-H) bending ° ~ 3736 (-C-H) bending °
~ 2338 (-C-O) mode a7 ~ 2338 (-C-O) mode a7
~ 1560 (H-O-H) a7 ~ 1563 (H-O-H) a7
~ 534 (Fe—0) stretch tetrahedral W]~ 537 (Fe—0) stretch tetrahedral 14
~ 404 (Co-0) stretch octahedral W1~ 404 (Co-0) stretch octahedral 14

5.4 Vibrating-sample magnetometer (VSM) analysis

The VSM was used to analyse the magnetic properties of co-doped CF-NPs with
copper and silver at the dopants concentrations of 0.15. Fig. 5.4 illustrates the

hysteresis loop of co-doped CF-NPs with copper and silver (sample id: SK-018).
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Fig. 5.4 Magnetic hysteresis curve of sample SK-018

Here, the saturation magnetisation (M) was recorded at 72.79 emu/g. The hysteresis
curve showed low or negligible coercivity (H:) and indicates that the materials
became superparamagnetic. The superparamagnetic materials do not retain magnetism
even after the removal of the applied magnetic field. The high saturation
magnetisation and superparamagnetic character show that these materials can be

suitable for various biomedical applications %%

5.5 Morphological studies and elemental analysis of samples using FESEM and
EDS

EHT=1000KV. Signal A= InLens Mag® 1000KX WD = 34mm EHT =10.00KV SignalA=Inlens Mag= 5000KX WD = 34mm
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Fig. 5.5 FESEM pictures of co-doped sample SK-018

The FESEM pictures of co-doped CF-NPs (sample-id: SK-018) are reproduced in fig.
5.5. The agglomeration and stacking of the particles can be observed (see fig. 5.5a)
32 In figs. 5.5b and 5.5¢, the pentognal shaped particles with clear edges and surfaces
can be seen. A few wrinkles can also be observed at the surface of the particles
pointed out with arrows in fig. 5.5¢ **%*2% The measured value of the average

grain size was 298.84 nm. It was measured by using the Image J software.

Full Scale 22021 cts Cursor: 0.000 ket

Fig. 5.6 EDS mapping of co-doped sample SK-018

The Energy Dispersive X-ray spectroscopy (EDS) result of one of the co-doped CF-
NPs (sample id: SK-018) is presented in fig. 5.6. The presence of elements in the
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prepared sample can be identified with elemental mapping. Here, the microscopist has
chosen the K-lines and L-lines for the quantitative analysis of the sample. The weight
percentages and atomic percentages of the elements present in the sample were
calculated quantitatively. Table 5.5 lists the quantitative result of the sample SK-018

and indicates the existence of their consitutent elements. It was confirmed the

presence of Ag, Cu, Fe, Co, and O in sample-id: SK-01

8 71'75'104.

Table 5.5: List of elements in Cog gsCUg 15F€1 85A00.1504 (SK-018)

Elements Weight % Atomic %
OK 16.89 43.11
Fe K 48.20 35.25
Co K 23.55 16.32
CuK 3.88 2.50
AgL 7.47 2.83

The observed values are different from the expected value of atomic percentage

because the EDS is a semi-quantitative and semi-qualitative method of analysis 2°"?%,

5.6 Thermal analysis of samples
The thermal properties and stabilities of the synthesised samples were examined via
Thermogravimetric analyser (TGA) and Differential scanning calorimeter (DSC).
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Fig. 5.7 Thermal properties of co-doped CF-NPs through:
(a) TGA of SK-013, SK-006 and SK-018;
(b) DSC of SK-013, SK-006 and SK-018.

Fig. 5.7(a) illustrates the TGA curves of co-doped samples (sample-ids: SK-013, SK-
006, and SK-018). Here the insignificant weight loss can be seen up to 600 °C. It may
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be due to the loss in adsorbed/absorbed content of water at the surface of the samples.
This indicates the thermal stability of these materials in the specified range of the

temperature 207209210,

Fig. 5.7(b) illustrates the DSC curves of co-doped samples (sample-ids: SK-013, SK-
006, and SK-018). A minor thermal event can be seen in all three samples. The co-
doped sample SK-013 showed a minor exothermic event at 186 °C. The co-doped
sample SK-006 showed a slight exothermic change at 260 °C while the sample SK-
018 decomposed in the endothermic region at 230 °C %7?%21% The data of the

thermal analysis of all the samples are also listed in Table 5.6.

Table 5.6: The data obtained after thermal analysis of the co-doped CF-NPs

TGA DSC
Sample-ids | Weight loss (%) Sample-ids Temperature at which minute
thermal event observed
SK-013 0.02 | SK-013 ~186 °C
SK-006 0.06 | SK-006 ~260 °C
SK-018 0.02 | SK-018 ~230 °C

5.7 Antibacterial activities
The various zones of inhibition created by the different samples of CF-NPs and their

ZnO/Ag composites can be seen in the figs. 5.8 (a) to 5.8 (b) respectively.

8.5mm
N

8.2mm

(a)
Fig. 5.8 Photographs of zone of inhibitions of:
(a) SK-023, SK-002, SK-005, SK-013, SK-006, SK-018;
(b) SKC-023, SKC-002, SKC-005, SKC-013, SKC-006, SKC-018.

A list of diameter of zone of inhibitions in all the samples of CF-NPs and their

composites is tabulated in Table 5.7.
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Table 5.7: Measurment of zone of inhibitions in all the samples of CF-NPs and its composites

Sample-ids Zone of inhibitions Sample-ids Zone of inhibitions
(mm) (mm)
SK-023 7.6 | SKC-023 7.8
SK-002 8.0 | SKC-002 8.5
SK-005 8.2 | SKC-005 8.8
SK-013 8.5 | SKC-013 9.5
SK-006 9.0 | SKC-006 10.0
SK-018 10.0 | SKC-018 12.0

The measured diameter of zones of inhibition shows that the antibacterial activities of
the silver doped sample (SK-002) and the copper doped sample (SK-005) were higher
than the un-doped sample (SK-023). These results are in good agreement with earlier

reported values **"

. The antibacterial zones of inhibition in co-doped samples
increase in a steady way. It increases in the co-doped sample of dopant level 0.05
(SK-013) to the co-doped sample of dopant level 0.15 (SK-018). Here, the sample

SK-018 shows enhanced antibacterial activity among all the co-doped CF-NPs.

Similarly, the ZnO/Ag composites of CF-NPs follow the same trend. The composite
of un-doped CF-NPs (SKC-023) created the smallest zone, while the composite of co-
doped CF-NPs (SKC-018) of dopant level 0.15 generated the largest zone. The zones
of inhibition in the composite of CF-NPs increase in a steady way from SKC-002 to
SKC-018. This trend of increase in zones of inhibition is also represented by using the

bar graph diagram (see fig. 5.9).
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Zone of inhibitions (mm)
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Sample ids Sample ids
(@) (b)

Fig. 5.9 Bar graph pictures of inhibition zone of:
(a) SK-023, SK-002, SK-005, SK-013, SK-006, SK-018;
(b) SKC-023, SKC-002, SKC-005, SKC-013, SKC-006, SKC-018.
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Therefore, it can be concluded that the composite samples of CF-NPs show enhanced

antibacterial activities compared to their respective samples of CF-NPs *321,

Zone of inhibition (mm)

SK-023 SK-005 SK-002

Sample-id

Fig. 5.10 Bar graph picture presenting the reproducibility of the sample-ids: SK-023, SK-005 and SK-002.

The reproducibility of antibacterial activities of the sample-ids: SK-023, SK-002, and
SK-005 is shown in fig. 5.10. Here, the trend of variation and reproducibility of the
samples follow the same order as it has been found in the antibacterial activities of
silver doped CF and copper doped CF. The CF-NPs doped with silver and copper
showed enhanced antibacterial activities than un-doped samples ****™*. Silver doped
CF-NPs showed higher antibacterial activity than copper doped CF-NPs. As reported
in literature as well, the copper doped CF-NPs showed greater antibacterial activities
than un-doped samples **™*. We also observed that the CF-NPs co-doped with copper
and silver showed better antibacterial activities than the singly doped CF-NPs as well
as un-doped samples.

5.8 Conclusions

Here, we have successfully synthesised un-doped, Cu and Ag-doped, and Cu-Ag co-
doped CF-NPs via the sol-gel method, as well as its ZnO/Ag composites, by using the
mortar-pestle grinding method. Samples were analysed using the various Advanced
Materials’ characteriasation techniques. XRD examined the crystalline structure of the
samples and its variation in crystallite size and lattice parameters. FTIR confirmed the
existence of a metal-oxygen bond. The level of doping was accountable for the shift
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in absorption bands. The superparamagnetic behaviour of co-doped sample SK-018
was detected via VSM. The superparamagnetic material is suitable for various
biomedical applications. A FESEM micrograph confirmed the presence of
agglomerated particles with a pentagonal shape. The EDS result examined the
elemental detection in co-doped sample SK-018. It indicated the presence of Ag, Cu,
Fe, Co, and O elements with atomic percentages and confirmed the co-doping in CF-
NPs. TGA shows the absence of impurity in co-doped samples of CF-NPs, while DSC
analysis shows an insignificant thermal event. All the synthesised samples of CF-NPs
and their ZnO/Ag composites effectively show their antibacterial activities against
Bacillus paranthracis and Bacillus nitratireducens. The composite samples show
enhanced antibacterial activities than samples of CF-NPs. All the as-prepared samples

showed antibacterial activities.
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Chapter 6
Antibacterial activities of co-doped cobalt ferrite with Ag-Zn and their

composite/s with ZnO/Ag

6.1 Introduction

This chapter deals with the prepared co-doped CF-NPs with Ag-Zn and its ZnO/Ag
composite materials. The various Advanced Materials’ characterisation techniques
were used to characterise these CF-NPs. The antibacterial activities of all the samples
were tested by using Agar disk diffusion test. The various results obtained are

discussed in the following sections (see sections 6.2 to 6.7).

6.2 Crystalline structure studies using XRD
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Fig. 6.1 XRD pattern of:
(&) CoFe,04, CoFe; gAgg 104, CoFey 9ZNng10y;
() Cop.95A00.05F€1.95ZNg,0504, COg 9AYg.1Fe19ZNg 104, CO085AJ0.15F€1.85ZM0.1504.

Fig. 6.1 (a) illustrates the powder XRD patterns of un-doped CF-NPs, Ag-doped and
Zn-doped CF-NPs, while the fig. 6.1 (b) represents the co-doped CF-NPs with Ag and

Zn. The level of doping of all the samples is also listed in Table 6.1.
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Table 6.1: Un-doped, Ag and Zn doped, and Ag-Zn co-doped CF-NPs with their sample-ids at different
concentrations

S.No. | Sample-id | Dopants Level of Doping Desired product

1. SK-002 Ag 0.1 | CoFe;9AQ10,

2. SK-008 Zn 0.1 | CoFe;4Zng10,4

3. SK-014 Ag & Zn 0.05 & 0.05 | Cog95Adg.05F€1.952N0,0504
4. SK-012 Ag & Zn 0.10 & 0.10 | CoggAgo.1Fe1.9ZN10,

5. SK-019 Ag & Zn 0.15 & 0.15 | Cogg5AJ0.15F€1.85ZN0.1504
6. SK-023 Un-doped 0 | CoFe,O,

The diffraction angles at different planes with JCPDS no. 01-083-3116 are

summarised in Table 6.2.

Table 6.2: List of diffraction planes concerning diffraction angles (/20)

Diffraction Diffraction Diffraction Diffraction Diffraction Diffraction

angle (°/20) plane angle (°/20) plane angle (°/20) plane
18.37° (111) 37.21° (222) 57.11° (333)
30.11° (220) 43.14° (400) 62.80° (440)
35.49° (311) 53.50° (422) 74.11° (533)

These results confirmed the cubic crystal structure of samples. It was also observed
the minor change in diffraction angle (°/20) towards higher angles after doping and
co-doping "’. An additional phase of silver (Ag) was noticed in the silver-doped
sample (SK-002). The ionic size differences between guest ions Ag*™ (~1.29 /-'K) and
host ions Co?* (~0.72 A) are responsible for this type of behaviour, same as reported
earlier ***?2. No additional phase was observed in the zinc-doped sample (SK-008) %3,
Similarly, in fig. 2(b) an additional phase of silver (Ag) was also noticed in co-doped
samples (SK-014, SK-012, and SK-019). It might be due to the ionic size difference
between dopants (Ag" and Zn?*) and host ions (Co®* and Fe®") 2% The lattice
parameters for cubic spinel structure were calculated by using equation (3.3), whereas
the crystallite size was calculated using Debye Scherrer's equation (3.2) (see chapter
no. 3) 21223 |t was observed the decrease in crystallite size of the Ag-doped CF-NPs
(SK-002) “*# \whereas it increases in Zn-doped CF-NPs (SK-008) as compared to

un-doped CF-NPs. Sastry et al. % and Das et al. 2*®

noticed similar types of
behaviour in Zn-doped CF-NPs. The co-doping level also affected the crystallite size
of the samples. It was observed that the crystallite size decreased after co-doping,
followed by an increase, and then further decreased as compared to the un-doped
sample (see Table 6.3). Similar behaviour was also observed in the lattice parameter,

as listed in Table 6.3. This behaviour might be due to the ionic sizes difference

94



between dopants ions and host ions “"°. The trend of change in crystallite size is
graphically shown in fig. 6.2. It may be noted that the ionic size of Ag™ (~1.29 A) is
greater than Co?" (~0.72 A) "2, while Zn?* (~0.82 A) is greater than Fe** (~0.645 A)

ion 1%,

Table 6.3: Variation of crystallite size and lattice parameter of prepared samples of un-doped, Ag and Zn doped,
and Ag-Zn co-doped CF-NPs

Sample-ids | Dopant/s Level of °/260 | FWHM | D (nm) Lattice
Doping parameter (A)
SK-002 Ag 0.1 35.48 0.180 ~ 47 8.381
SK-008 Zn 0.1 35.54 0.143 ~57 8.409
SK-014 Ag&Zn | 0.05&0.05 35.53 0.159 ~ 52 8.385
SK-012 Ag&Zn | 0.10&0.10 35.50 0.134 ~ 63 8.388
SK-019 Ag&Zn | 0.15&0.15 35.59 0.350 ~23 8.366
SK-023 Un-doped | 0 35.51 0.150 ~54 8.385
90 Crystallite size 7 | Lattice parameter|
z 5] i\i/‘\‘ é sa+ p—P —p >
LTI
SK-023 SK-002 \l\'::::lplcsil:‘:)lv! SK-012 SK-019 SK-023 SK-002 \N:::::(“I“c\i:;(ll-l SK-012 SK-019
(a) (b)

Fig. 6.2 Trends of change in:
(a) Crystallite size of sample-ids SK-023, SK-002, SK-008, SK-014, SK-012, and SK-019;
(b) Lattice parameter of sample-ids SK-023, SK-002, SK-008, SK-014, SK-012, and SK-019.

6.3 Compositional analysis of samples using FTIR

The FTIR pattern of un-doped, Ag and Zn doped CF-NPs, and Ag-Zn co-doped CF-
NPs is illustrated in figs. 6.3 (a) to 6.3 (b). It was observed the two strong absorption
bands at 400 cm™ to 600 cm™. The absorption band at ~ 400 cm ™ is due to the Co-O
stretching vibrations at octahedral sites, while the band at 500 cm™ to 600 cm™ is due
to the Fe-O stretching vibrations at the tetrahedral sites ***. These bands show the
spinel structure of CF-NPs, which reveals that the spinel structure of CF-NPs
remained intact after the co-doping. The absorption band at 1500 cm™ to 1600 cm™ is
of H-O-H while the band at ~ 2344 cm™ is due to C-O mode. The band at ~ 3670 cm’
Lis due to the the C—H bending mode. The band at ~ 2960 cm™ was due to the CH;
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symmetric. It was seen only in the silver doped sample (SK-002) 3247101144 " A the

absorption bands obtained in different samples of CF-NPs are listed in Table 6.4.
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Fig. 6.3 FTIR pattern of:
(a) CoFe,04, CoFe; gAgg 104, CoFe; 9Zng10y;

(b) Co00.95A00.05F€1.95Z2N0.0504, C0o.9AG0.1F€19ZN0 104, COg g5AU0 15F€1.85ZN0.1504;
(c) Narrow scan view at 400-600 cm™ of all the CF-NPs samples.

In the narrow scan view at the 400 cm™ to 800 cm™ for metal-oxygen (M-O) bond
was observed that the absorption band of the Fe-O bond slightly shifted at a smaller
wavelength or higher wavenumber when we compared with the un-doped sample
(SK-023), whereas Co-O stretching vibration remains un-effected (see Table 6.4). In
fig. 6.3 (c), it can be seen that the absorption band of the Fe-O bond at the tetrahedral
site shifted at a higher wavenumber in both the silver-doped sample (SK-002) and the

zinc-doped sample (SK-008), the same as reported earlier in the liturature %,
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Table 6.4: List of a few important absorption bands at various frequency and wavelength ranges obtained in

FTIR analysis.
SK-023 (CoFe,0,) SK-002 (CoFe; 6Ago.10.)

Observed Assign. Ref. Observed Assign. Ref.
abs. band abs. band

~ 3740 -C-H bending ° ~ 3736 -C-H bending >

~ 2348 -C-O mode a7 ~ 2960 -CH, symmetric &

~ 1536 H-O-H o ~ 1590 H-O-H 7

~ 540 Fe—O stretch tetrahedral | ™ ~ 560 Fe—O stretch tetrahedral | ™

~ 402 Co-O stretch octahedral | ~ 448 Co-O stretch octahedral | ™

SK-008 (CoFe; gZng104) SK-014 (C0g.95Ad0.0sF€1 95ZN0050.)

Observed Assign. Ref. Observed Assign. Ref.
abs. band abs. band

~ 3749 -C-H bending ° ~ 3755 -C-H bending >

~ 2344 -C-O mode o ~ 2337 -C-O mode 7

~ 1543 H-O-H & ~ 1533 H-O-H a7

~ 557 Fe—O stretch tetrahedral | ~ 550 Fe—O stretch tetrahedral |

~ 402 Co-O stretch octahedral | ™ ~ 402 Co-O stretch octahedral | °

SK-012 (Cog9Ago.1Fe1.9ZNg104) SK-019 (C0g,g5Ado.15F€1.657N0.1504)

Observed Assign. Ref. Observed Assign. Ref.
abs. band abs. band

~ 3755 -C-H bending ° ~ 3733 -C-H bending >

~ 2350 -C-O mode o ~ 2357 -C-O mode 7

~ 1552 H-O-H o ~ 1533 H-O-H 7

~ 546 Fe—O stretch tetrahedral | ~ 549 Fe—O stretch tetrahedral |

~ 402 Co-O stretch octahedral | ™ ~ 402 Co-O stretch octahedral | °

*Note that here all the identified absorption bands are given in wavenumber (cm™).

Co-doped samples (SK-014, SK-012, SK-019) also show shifting in the absorption
band towards a higher wavenumber, but it remains less than the doped samples (see
fig. 6.3 (c)). This frequency change at the Fe-O bond might be due to the
redistribution of cations (Fe, Co, Zn, and Ag) at both sites when we changed the

concentration of dopant/s (Ag* and Zn?*) ions ®.

6.4 Vibrating-sample magnetometer (VSM) analysis
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Fig. 6.4 Hysteresis loop of sample-id SK-019
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Fig. 6.4 represents the hysteresis loop of the sample-id SK-019
(Coog5AQ0.15F€1.85ZN0.1504). The hysteresis curve of the sample measured the
saturation magnetisation (M) and coercivity (Hc) values. The saturation
magnetisation (Ms) was measured up to 150 emu/g. The recorded value of the
saturation magnetisation was found to be 110.11 emu/g. The low or zero coercivity
with higher saturation magnetisation exhibits the development of superparamagnetic
material. The superparamagnetic sample does not show magnetic behaviour even in
the absence of an applied magnetic field *. These materials are suitable for various
biomedical applications, e.g. drug delivery, Magnetic Resonance Imaging (MRI),

gene delivery, and identification of different bacteria, viruses, and proteins 146203214,

6.5 Morphological studies and elemental analysis of samples using FESEM and
EDS

l Average graph size = 247.76 nm ]

Counts
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Particle size (nm)

Fig. 6.5 FESEM pictures of the sample-id SK-019
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Fig. 6.5 illustrates the FESEM pictures of sample-id SK-019
(Coo.85AQ0.15F€1.85ZN0.1504). The particles of clear and rounded edges with angular
morphology can be easily seen in figs. 6.5 (a) and 6.5 (b). The agglomerated particles
are clearly perceived at fig. 6.5 (c). The average grain size of the particles was

measured 247.76 nm. It was calculated by using the Image J software 14204209

ull Scale 23303 cts Cursor; 0.000 ket

Fig. 6.6 EDS mapping of sample id: SK-019

The elemental detection of sample-id SK-019 (CoogsAgo.1sFe1.85ZN01504) was
performed with EDS analysis (see fig. 6.6). The atomic percent and weight percent of
the elements present in the samples as attained in this study are also listed in Table
6.5. Here, the microscopist picked up K-lines and L-lines.

Table 6.5: Atomic percent and weight percent as attained in EDS spectra of sample-id SK-019
(Cog.85A90.15F€1.852N0 1504)

Elements | Weight % | Atomic %
OK 21.60 50.98

Fe K 44.63 30.18
CoK 21.32 13.66
ZnK 3.60 2.08

AgL 8.85 3.10

The result indicated that the co-doped sample of CF-NPs contained silver and zinc
apart from the other constituent elements. This suggests that CF was successfully co-

doped with silver and zinc "%,
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6.6 Thermal analysis of samples
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Fig. 6.7 Thermal analysis results obtained via:
(a) TGA of the sample-ids: SK-014, SK-012 and SK-019;
(b) DSC of the sample-ids: SK-014, SK-012 and SK-019.

Fig. 6.7 (a) represents the TGA curves of the co-doped samples of CF-NPs with
sample-ids: SK-014, SK-012, and SK-019. The insignificant weight loss was
observed when we heated the samples up to 600 °C. It is attributed to structural water

loss. No impurity is present in the samples. These are thermally stable up to 600 °C
207,209,210

Fig 6.7 (b) represents the DSC curves of the co-doped samples of CF-NPs with
sample-ids: SK-014, SK-012, and SK-019. Here, all three co-doped CF-NPs slightly
decomposed. It has been observed that the sample-id: SK-014 decomposed thermally
at 146 °C in one endothermic region. The sample-id: SK-012 decomposed thermally
at 140 °C in one endothermic region, and the sample-id: SK-019 decomposed
thermally at 151 °C in one endothermic region. No endothermic peak was noticed
207,209,210

after 450 °C, indicating the formation phase is stable after the heat treatment

The data of the thermal analysis of all the samples are also listed in Table 6.6.

Table 6.6: The data obtained after thermal analysis of the co-doped CF-NPs

TGA DSC
Sample-ids | Weight loss (%0) Sample-ids Temperature at which minute
thermal event observed
SK-014 0.05 | SK-014 ~146 °C
SK-012 0.06 | SK-012 ~140 °C
SK-019 0.04 | SK-019 ~151°C
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6.7 Antibacterial activities

The different zones of inhibition created by the samples of CF-NPs and their ZnO/Ag
composites are represented in figs. 6.8 (a) and 6.8 (b), respectively. A list of the
diameter of the zones of inhibition in all the samples of CF-NPs and their composite
materials is also tabulated in Table 6.7.

Fig. 6.8 Pictures of zone of inhibitions formed by sample ids:
(a) SK-023, SK-002, SK-008, SK-014, SK-012, SK-019, C +ve and C —ve;
(b) SKC-023, SKC-002, SKC-008, SKC-014, SKC-012, SKC-019, C +ve and C —ve.

Table 6.7: Measured diameter of zone of inhibitions in un-doped, doped and co-doped samples of CF-NPs and
its ZnO/Ag composites

Sample-ids Zone of inhibition | Sample-ids Zone of inhibition
(mm) (mm)

SK-023 7 | SKC-023 7.5
SK-002 7.2 | SKC-002 7.6
SK-008 7.4 | SKC-008 7.8
SK-014 7.6 | SKC-014 8.5
SK-012 7.8 | SKC-012 9.0
SK-019 8.4 | SKC-019 9.5
C+ve 8 | C+ve 8

The diameter of the zone of inhibition reveals that the silver-doped CF-NPs (SK-002)
and zinc-doped CF-NPs (SK-008) create a larger zone as compared to the un-doped
CF-NPs (SK-023). These results are in good agreement with earlier reported results .
The zone of inhibition was also found to be larger in co-doped CF-NPs than in the
undoped sample. It was observed that the diameter of the zone of inhibition increases
in a regular manner in co-doped samples SK-014 to SK-019 with an increase in their
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level of doping. Although the zone of inhibition in co-doped samples was found to be

larger than that in doped samples .

Therefore, co-doping enhanced the
antibacterial activities of the samples. The level of doping plays an important role in

enhancing the antibacterial activities of the co-doped samples ",

Similarly, the ZnO/Ag composites of CF-NPs also follow the same trend. The
diameter of the zone of inhibition of composite materials was found to be larger than
their respective CF-NPs. Hence, it can be concluded that the ZnO/Ag composite
showed improved antibacterial activities as compared to CF-NPs ***1 Fig. 6.9 (a)
and 6.9 (b) graphically represent the trends of variation in zones of inhibition in CF-

NPs and their ZnO/Ag composites.

- Zone of inhibitions in EF‘E'PSJ 104 -Zone of inhibitions in composites |

Zone of inhibitions (mm)
Zone of inhibitions (mm)

SK-023 SK-002 SK-008 SK-014 SK-012 SK-019 SKC-023 SKC-002 SKC-008 SKC-014 SKC-012 SKC-019
Sample-ids Sample-ids

@ (b)

Fig. 6.9 Bar graph of antibacterial zone of inhibitions in:
(a) Un-doped CF-NPs, Ag and Zn doped/ co-doped CF-NPs;
(b) Composites of un-doped CF-NPs, Ag and Zn doped/ co-doped CF-NPs.

Zone of inhibition (mm)

SK-023 SK-008 SK-002

Sample-id

Fig. 6.10 Bar graph picture showing the reproducibility of the sample-ids: SK-023, SK-008 and SK-002.
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The reproducibility of antibacterial activities of the sample-ids: SK-023, SK-008, and
SK-002 is shown in fig. 6.10. Here, the trend of variation and reproducibility of the
samples follow the same order as it has been found in the antibacterial activities of
silver doped CF-NPs and zinc doped CF-NPs. As reported in literature as well, the
zinc doped CF-NPs showed greater antibacterial activities than un-doped samples .
Silver-doped CF likewise exhibits higher antibacterial activity than the un-doped CF-
NPs ***° We also observed that the CF-NPs co-doped with silver and zinc showed
enhanced antibacterial activities than the singly doped CF-NPs as well as the un-

doped samples.

6.8 Conclusion

Here, we successfully synthesised the doped and co-doped CF-NPs with silver and
zinc via the sol-gel auto-combustion route. The composite materials of CF-NPs with
ZnO/Ag were also prepared by the mortar-pestle grinding method. The level of
doping changes the size of the crystals. Initially, the size of crystals decreased with
co-doping, followed by an increase, and finally, it again decreased. The lattice
parameter also slightly changes with the concentrations of dopants. The FTIR was
used for the identification of functional groups present in the samples. The different
absorption bands proved the presence of metal-oxygen bonds. The VSM of sample-id:
SK-019 identified the superparamagnetic character, which can be used in different
biomedical applications, e.g., gene delivery, drug delivery, MRI, etc. FESEM shows
the presence of agglomerated particles with rounded edges. EDS analysis of sample-
id: SK-019 confirmed the co-doping. Thermal analysis via TGA showed insignificant
weight loss in all the co-doped samples, whereas DSC revealed that all three co-doped
CF-NPs samples insignificantly decomposed. The antibacterial activities of all the
samples of CF-NPs were enhanced regularly with the level of co-doping against
Bacillus paranthracis and Bacillus nitratireducens. The same trend was also observed
in their composite of ZnO/Ag. The composites of all the CF-NPs showed enhanced

antibacterial activities as compared to their respective samples of CF-NPs.
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Chapter 7
Antibacterial activities of co-doped cobalt ferrite with Cu-Zn and their

composite/s with ZnO/Ag

7.1 Introduction

This chapter deals with the prepared co-doped CF-NPs with Cu-Zn and its ZnO/Ag
composite materials. The various Advanced Materials’ characterisation techniques
were used to characterise these CF-NPs. The antibacterial activities of all the samples
were tested by using Agar disk diffusion test. The various results obtained are

discussed in the following sections (see sections 7.2 to 7.7).

7.2 Crystalline structure studies using XRD

The powder XRD patterns of various samples of CF-NPs with sample-ids: SK-023,
SK-005, SK-008, SK-015, SK-011, and SK-020 are represented in figs. 7.1 (a) to 7.1
(b).
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Fig. 7.1 Powder XRD patterns of:
(a) SK-023, SK-005 and SK-008;
(b) SK-015, SK-011 and SK-020.

These results revealed the cubic crystal structure of the samples. The angles of
diffraction (°/20) of different planes as obtained according to JCPDS card no. 01-083-
3116, are listed in Table 7.1.
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Table 7.1: List of diffraction angles (/20) with their respective diffraction plane

Diffraction Diffraction Diffraction Diffraction Diffraction Diffraction

angle (°/20) plane angle (°/20) plane angle (°/20) plane
18.37° (111) 37.21° (222) 57.11° (333)
30.11° (220) 43.14° (400) 62.80° (440)
35.49° (311) 53.50° (422) 74.11° (533)

The XRD was performed at °/20 between 10° to 80°, when CuKa radiations of

wavelength 1.54 A were used. The levels of doping are also listed in Table 7.2.

Table 7.2: List of sample-ids of CF-NPs along with doping levels

S.No. | Sample-ids Dopant/s Level of doping Desired products
1. | SK-005 cu? 0.1 | CoFe; oCuq 0,
2. | SK-008 zn* 0.1 | CoFe; ¢Zny 0,
3. | SK-015 Cu®* & Zn** 0.05 & 0.05 | C0gesClUp osFe195ZM0.0504
4. | SK-011 Cu®* & Zn** 0.1 &0.1 | CogoCuqiFe; 9ZNng104
5. | SK-020 cu®* & zn* 0.15 & 0.15 | C0ggsCUg 15F€;1 5ZNg 1504
6. | SK-023 Un-doped 0 | CoFe, O,

The highly intense peak at plane (311) can be clearly detected in all the samples.
However, the diffraction angle (°/260) is shifted slightly after doping and co-doping .
The lattice parameters of cubic crystal are calculated using the eq". (3.3) %042202 |t
can be observed that the lattice parameter in copper doped sample (SK-005) decreases
while in zinc doped sample (SK-008) it increases (see Table 7.2). These results are in
good agreement with earlier report values. The size of host ions and guest ions are
accountable for these changes **°. Here, it has been pointed out that the diameter of
Cu?* (~ 0.73 A) ion smaller than the diameter of Co?* (~ 0.745 A) ion ® whereas, the

diameter of Zn** (~ 0.82 A) ion **° is larger than the diameter of Fe** (~ 0.645 A) ion
75

The co-doped samples (SK-015, SK-011, and SK-020) show a linear increase in
lattice parameters with an increase in concentration of the dopants. Although, it was
seen the minor change in lattice parameter values in the co-doped samples. Perhaps,
the overall effect of co-doping of Cu®* and Zn®* ions is reflected in the form of only a
minor increase in the lattice parameters, as one of the dopants (Cu®* ions) is reducing

the lattice parameter whereas the other dopant (Zn®* ions) increased it "%,
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Crystallite sizes of the CF-NPs samples were calculated by using Scherrer’s eq". 3.2
%0202 The crystallite sizes and lattice parameters obtained using eq”. 3.2 and eq". 3.3
are listed in Table 7.3.

Table 7.3: List of crystallite sizes and lattice parameters of different samples

Sample-ids Dopant/s Level of °/20 FWHM | D (nm) Lattice parameter
doping (K)
SK-005 Cu 0.1 35.52 0.143 ~ 58.6 8.378
SK-008 Zn 0.1 35.54 0.143 ~57.6 8.409
SK-015 Cu&Zn 0.05 & 0.05 35.54 0.144 ~58.4 8.378
SK-011 Cu&Zn 01&0.1 35.67 0.148 ~56.1 8.380
SK-020 Cu&Zn 0.15 & 0.15 35.66 0.130 ~63.4 8.390
SK-023 Un-doped | O 35.51 0.150 ~54.0 8.385

It was observed the increase in crystallite size of the Cu-doped CF-NPs (SK-005) as
well as in Zn-doped CF-NPs (SK-008) as compared to un-doped CF-NPs. These
results were the same as reported earlier in the literature %*2?®°. Co-doped CF-NPs
also show an increase in the crystallite size than un-doped CF. The crystallite size of
co-doped samples first decreases up to the dopant concentrations of 0.1, then it further
increases. The ionic size of the dopant ions as compared to host ions (Co®* and Fe®")
might be responsible for these changes "*". All the data on crystallite size is tabulated
in Table 7.3.

The trends of variation of lattice parameters and crystallite sizes of the un-doped CF-
NPs, Cu and Zn doped/ co-doped CF-NPs are represented in fig. 7.2.
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Fig. 7.2 Trends of variation of lattice parameters and crystallite sizes of un-doped CF-NPs, Cu and Zn
doped/co-doped CF-NPs.
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7.3 Compositional analysis of samples using FTIR

FTIR analysis studied the chemical compositions of all the samples. The analysed
results obtained during this practice are represented in fig. 7.3(a) and fig. 7.3(b).
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Fig. 7.3 FTIR results of:
(a) Un-doped and Cu and Zn doped CF-NPs with sample-ids: SK-023, SK-005 and SK-008;
(b) Cu and Zn co-doped CF-NPs with sample-ids: SK-015, SK-011 and SK-020;
(c) Narrow scan view of all the samples at the range of 400-600 cm™.

All the samples exhibited a sharp absorption band in the range of ~ 405 cm™. A strong

absorption band in the range of ~ 500 cm™ to ~ 600 cm™ is also seen in all the

samples. These bands are recognise the spinel ferrite structure of the samples. The

band at ~ 405 cm™ is due to the Co-O stretching vibration at octahedral sites, while

the bands at ~ 500 cm™ to ~ 600 cm™ are characterised by the Fe-O stretching

vibration at tetrahedral sites. These results are in good agreement with reported values
1113144 The narrow scan view of all the samples shows that the increase in level of
doping slightly shifted the Fe-O stretching band of tetrahedral sites towards lower
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wavelength or higher wavenumber when compared with the un-doped sample (see
Table 7.4). However, the co-doped samples (SK-011) with dopant concentartions of
0.10 revealed the same behaviour as the un-doped sample (SK-023), i.e., the
absorption band was attained at ~ 540 cm™ in both cases 347%™ A few minor

absorption bands are also observed in the FTIR spectra, which are listed in Table 7.4.

Table 7.4: List of absorption bands obtained in FTIR analysis

SK-023 (CoFe,0,) SK-005 (CoFe; oCug;0.)
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~ 3740 | -C-H bending ° ~ 3735 | -C-H bending >
~ 2348 | -C-O mode a7 ~ 2347 | -C-O mode o
~1546 | H-O-H a7 ~1552 | H-O-H o
~540 | Fe—O stretch tetrahedral 144 ~560 | Fe—O stretch tetrahedral 144
~ 402 | Co-O stretch octahedral 14 ~ 402 | Co-O stretch octahedral 144
SK-008 (COFeLang,lO‘;) SK-015 (COO.QSCu0,05F61.g5Zn0.05O4)
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~3749 | -C-H bending ° ~ 3742 | -C-H bending >
~ 2344 | -C-O mode a7 ~ 2344 | -C-O mode 7
~1543 | H-O-H a7 ~1523 | H-O-H 7
~552 | Fe—O stretch tetrahedral 143 ~554 | Fe—O stretch tetrahedral 143
~ 402 | Co-O stretch octahedral 143 ~ 402 | Co-O stretch octahedral 143
SK-011 (COO.QCU().lFel.ang.lOLO SK-020 (COO.g5CUg'lsFellgsznollsoO
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~ 3742 | -C-H bending ° ~ 3742 | -C-H bending °
~ 2344 | -C-O mode a7 ~ 2344 | -C-O mode a7
~ 1550 | H-O-H & ~1526 | H-O-H a7
~540 | Fe—O stretch tetrahedral 14 ~578 | Fe—O stretch tetrahedral 144
~ 402 | Co-O stretch octahedral 14 ~ 402 | Co-O stretch octahedral 144

7.4 Vibrating-sample magnetometer (VSM) analysis

The magnetic properties of the co-doped sample SK-020 (Cog.g5Cug.15F€1.85ZN0.1504)
was analysed via VSM. Fig. 7.4 represents the hysteresis curve of the sample SK-020.
Godara et al. examined the decrease in saturation magnetisation (M) and coercivity
(Hc) values when CF-NPs were doped with chromium. These changes were observed
with an increase in dopant concentrations *°. Here, the hysteresis loop shows low or
negligible value of coercivity 2%. Although, the saturation magnetisation was found
to be higher, its recorded value was 105.88 emu/g. The nearly zero or low value of

coercivity (Hc) indicated the change of ferromagnetic material into superparamagnetic
material **,
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Fig. 7.4 Magnetic hysteresis loop of sample-id SK-020

These superparamagnetic materials can be used in different biomedical applications
9,214

7.5 Morphological studies and elemental analysis of samples using FESEM and
EDS

Average grain size = 1753.11 nm
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Fig. 7.5 FESEM pictures of co-doped sample SK-020.
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Fig. 7.5 illustrates the different FESEM pictures of sample-id: SK-020. It was seen the
irregular particles with clear and rounded edges in fig 7.5a ***. These agglomerated
particles also show clean surfaces 2. The fig. 7.5b shows brick-like shapes with
rounded edges and angular morphology. The micrograph shows the agglomerated
particles in a large clusters (see fig. 7.5¢c) 2**?®. The average grain size of the

particles was measured at 1753.11 nm by using Image J software.

Energy dispersive X-ray spectroscopy analysis (EDS) with FESEM is used to find the
presence of elements and their quantities in the given sample. Fig. 7.6 represents the
EDS mapping of the sample-id: SK-020 (Cog.g5Cuo 15F€1.85ZN0.1504).
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Fig. 7.6 EDS mapping of the co-doped CF-NPs with sample-id SK-020

The quantitative analysis was performed to examine the weight percent and atomic
percent of the elements in the sample. Here, it was noted that the only K-lines were
picked up by the microscopist. Table 7.5 listed that the sample contained Cu and Zn
apart from other constituent elements present in the CF-NPs sample. This
recommends the successful co-doping of copper and zinc in the CF-NPs sample

175104 These obtained results are also summarised in Table 7.5.

Table 7.5: List of elements obtained in EDS analysis with weight percent and atomic percent
(Sample-id: SK-020)

Elements Weight % Atomic %
OK 17.89 43.83

Fe K 51.03 35.82
CoK 25.08 16.69
CuK 3.55 2.19

Zn K 2.45 1.47
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It should be noted that EDS analysis is a semi-qualitative as well as semi-quantitative

method of detection of the elements 2°72%,

7.6 Particle size and morphology studies using TEM

The TEM analysis was used to study the morphology and sizes of the particles of Cu-
Zn co-doped CF-NPs. Figs. 7.7 (a) to 7.7 (b) represent the TEM images of co-doped
CF-NPs with a doping level of 0.15 (sample-id: SK-020). Agglomerated crystalline
particles with sharp edges can be seen in these images ****®. The average particle size

measured by using Image J software was 98.35 nm.

Average particle size = 98.35 nm

(8]

Counts

0 50 100 150 200 250 300

Particle size (nm)

Fig. 7.7 (a) to (c) TEM images of the sample-id: SK-020

7.7 Thermal Analysis of samples
TGA and DSC were used to analyse the thermal properties of the sample. Here, the

samples were heated in the range of 30 °C (room temperature) to 450 °C with a
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heating rate of 10 °C/min. The thermal stability, i.e. degradation of the samples with
temperature, was studied by the TGA technique. The phase change after heating the
sample was studied via DSC. The results obtained are presented in figs. 7.8a and 7.8b.

Weight loss (%) (a. u.)

Heat Flow Endo Down (mW) (a. u.)

SK-020)
SK-011
SK-015

T T T T T T T T T T 1
100 200 300 400 500 600 0 50 100 150 200 250 300 350 400 450

Temperature (°C) Temperature ("C)

(@) (b)

Fig.7.8 Thermal analysis via:
(a) TGA of all the co-doped samples with sample-ids: SK-015, SK-011 and SK-020;
(b) DSC of all the co-doped samples with sample-ids: SK-015, SK-011, and SK-020.

Fig. 7.8a illustrates the TGA analysis results of co-doped samples (SK-015, SK-011,
and SK-020). It was noticed that no significant weight loss was observed in the
specific temperature range. It confirms the thermal stability of the samples. Although,
a small, gradual weight loss was observed in the samples, that might be due to the loss
of water. It is believed that molecules of water that get adsorbed/absorbed at the
surface of the samples were lost after the TGA treatment 10°147181.209.210217.218

Similarly, DSC analysis did not show again any distinct thermal event (see fig. 7.8b).
This result also shows the thermal stability of the samples at a particular temperature
range. However, sample-id: SK-015 exhibits very small exothermic behaviour in the
range of ~200 °C. Although the sample-ids: SK-011 and SK-020 revealed very small
endothermic events in the range of ~270 °C and ~ 224 °C respectively. It is believed
that these properties of samples are attributed to the presence of residual nitrates and
hydroxyl groups in the co-doped CF-NPs 109147:181:209210217.218 ‘Tha data of the thermal

analysis of all the samples are also listed in Table 7.6.
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Table 7.6: The data obtained after thermal analysis of the co-doped CF-NPs

TGA DSC
Sample-ids | Weight loss (%) Sample-ids Temperature at which minute
thermal event observed
SK-015 0.03 | SK-015 ~200 °C
SK-011 0.24 | SK-011 ~270 °C
SK-020 0.10 | SK-020 ~224°C

7.8 Antibacterial activities

The antibacterial activities of all the samples were studied using the Agar disk
diffusion method. It was examined against the bacteria Bacillus paranthracis and
Bacillus nitratireducens. Bacillus paranthracis belongs to the Bacillus cereus group
and is one of the 21 species in this group. It was found in different environments,
including samples of human origin, the rhizosphere, and soil ™. It was characterised
in 2017 and is under study now 7. Bacillus nitratireducens is a newly identified

bacterium. It is not widely recognised as a harmful bacterium *"8*7.

(b)

Fig. 7.9 Antibacterial zone of inhibitions created by:
(a) sample-ids: SK-023, SK-005, SK-008, SK-015, SK-011, SK-020;
(b) sample-ids: SKC-023, SKC-005, SKC-008, SKC-015, SKC-011, SKC-020.
Figs. 7.9 (a) and 7.9 (b) represent the different zones of inhibition created by CF-NPs
and their ZnO/Ag composites, respectively. The diameter of zones of inhibition
created by different samples of CF-NPs and their ZnO/Ag composites is tabulated in

Table 7.7.
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Table 7.7: Measured values of zone of inhibitions created by different CF-NPs and their ZnO/Ag composites

Sample-ids Zone of inhibitions Sample-ids Zone of inhibitions
(mm) (mm)
SK-023 7 | SKC-023 7.5
SK-005 7.2 | SKC-005 8.5
SK-008 7.4 | SKC-008 8.6
SK-015 7.5 | SKC-015 9
SK-011 8 | SKC-011 9.3
SK-020 8.5 | SKC-020 9.5

It was found that the co-doped CF-NPs of higher dopant concentrations (sample-id:
SK-020) created the largest zone of inhibition among the samples of CF-NPs. It
shows enhanced antibacterial activity as compared to the rest of the co-doped CF-
NPs. The composite of the co-doped sample with higher dopant concentrations
(sample—id: SKC-020) also created the biggest zone of inhibition as compared to
other composite samples. Although all the samples created a substantial zone of
inhibition, demonstrating that all these samples possessed antibacterial activities. The

zone of inhibitions is illustrated by using the bar diagrams in figs. 7.10 (a) and 7.10

(b).

o] (I cr-Nps 104 [ Composites |
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(@ (b)

Fig. 7.10 Bar diagrams of antibacterial activities of CF-NPs and their composites of:
(a) sample-ids: SK-023, SK-005, SK-008, SK-0115, SK-011 and SK-020;
(b) sample-ids: SKC-023, SKC-005, SKC-008, SKC-015, SKC-011 and SKC-020.

The copper doped CF-NPs (SK-005) and zinc doped CF-NPs (SK-008) generated a
bigger zone of inhibition than the un-doped CF-NPs (SK-023), same as reported
earlier in the literature "***3, This trend was also maintained in co-doped CF-NPs. The
co-doped CF-NPs created a bigger zone of inhibition compared to doped CF-NPs. It
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increases in a regular manner in all the co-doped CF-NPs as the level of doping

increases (see Table 7.7).

The composite samples of all the co-doped CF-NPs (sample ids: SKC-015, SKC-011,
and SKC-020) also followed the same trend. The zones of inhibition in all the
composite samples of co-doped CF-NPs increased as the level of doping increased.
Hence, it can be concluded that the composites of all the samples showed enhanced
antibacterial activities compared with their respective un-doped, doped/ co-doped CF-

NPs 153,211

Zone of inhibition (mm)

SK-023 SK-008 SK-005

Sample-id

Fig. 7.11 Bar graph picture showing the reproducibility of the sample-ids: SK-023, SK-008 and SK-002.

The reproducibility of antibacterial activities of the sample-ids: SK-023, SK-008, and
SK-005 is revealed in fig. 7.11. Here, the trend of variation and reproducibility of the
samples follow the same order as it has been found in the antibacterial activities of
copper doped CF and zinc doped CF. The zinc doped CF-NPs and copper doped CF-
NPs showed greater antibacterial activities than un-doped samples, as reported in the
earlier studies **"*. We also noticed that the CF-NPs co-doped with copper and zinc
showed better antibacterial activities than the singly doped CF-NPs as well as the un-

doped samples.

7.9 Conclusion
Here, we successfully synthesised the doped/ co-doped CF-NPs with Cu-Zn via the
sol-gel auto-combustion route and its ZnO/Ag composites with the mortar-pestle
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grinding technique. The crystalline structure of co-doped samples was studied through
XRD analysis. The doping level also affects the crystallite size and lattice parameter.
FTIR results suggested that the octahedral and the tetrahedral shapes remained intact
in the doped/co-doped samples. The VSM examined the magnetic properties of all the
doped and co-doped samples. The co-doped sample was found to be
superparamagnetic. Superparamagnetic materials can be wused in biomedical
applications such as drug delivery, gene delivery, MRI, etc. The FESEM micrographs
show the angular morphologies of the agglomerated particles with clear edges and
surfaces. TEM shows the formation of nanosized particles. EDS mapping confirmed
the co-doping of CF-NPs with copper and zinc. All the samples of CF and its ZnO/Ag
composites effectively revealed the antibacterial activities. The obtained results
exposed the higher antibacterial activities against the Bacillus paranthracis and
Bacillus nitratireducens with composites of CF-NPs as compared to doped/co-doped
CF-NPs.
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Chapter 8
Antibacterial activities of co-doped cobalt ferrite with Bi-Ag and their

composite/s with ZnO/Ag

8.1 Introduction

This chapter deals with the prepared co-doped CF-NPs with Bi-Ag and its ZnO/Ag
composite materials. The various Advanced Materials’ characterization techniques
were used to characterize these CF-NPs. The antibacterial activities of all the samples
were tested by using Agar disk diffusion test. The various results obtained are

discussed in the following sections (see sections 8.2 to 8.7).

8.2 Crystalline structure studies using XRD
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Fig. 8.1 XRD pattern of:
(a) Un-doped CF-NPs (SK-023), Bi and Ag doped CF-NPs (SK-007 and SK-002) respectively;

(b) Bi-Ag co-doped CF-NPs (SK-016, SK-001 and SK-021).
Fig. 8.1 (a) represents the XRD patterns of sample-ids: SK-023, SK-002, and SK-007,
while fig. 8.1 (b) represents the XRD pattern of co-doped samples with sample-ids:
SK-001, SK-016, and SK-021. These peaks confirmed the cubic crystal structure of
the samples with JCPDS card no. 01-083-3116 **#!, The diffraction angles at different
planes with JCPDS no. 01-083-3116 **#! are summarised in Table 8.1.
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Table 8.1: List of diffraction planes concerning diffraction angles (720)

Diffraction Diffraction Diffraction Diffraction Diffraction Diffraction

angle (°/20) plane angle (°/20) plane angle (°/20) plane
18.37° (111) 37.21° (222) 57.11° (333)
30.11° (220) 43.14° (400) 62.80° (440)
35.49° (311) 53.50° (422) 74.11° (533)

The level of doping of all the samples is also listed in Table 8.2.

Table 8.2: Un-doped, Bi and Ag doped, and Bi-Ag co-doped CF-NPs with their sample-ids at different
concentrations

S.No. | Sample-ids | Dopant/s Level of Doping Desired product
1. | SK-002 Ag 0.1 | CoFe; oAdo10s
2. | SK-007 Bi 0.1 | CoFe, 4Big10,
3. | SK-016 Bi & Ag 0.05 & 0.05 COg'gsBi0'05F61.g5Agolo504
4. | SK-001 Bi & Ag 0.10 & 0.10 COg'gBigllFellgAgo_lo4
5. | SK-021 Bi & Ag 0.15 & 0.15 | CoygsBig15F€1.85A00.150,4
6. | SK-023 Un-doped 0 | CoFe,O,

Here, all the peaks confirmed the cubic inverse spinel structure of CF-NPs with space
group fd-3m *. A secondary phase of silver was seen in the silver doped CF-NPs (SK-
002) in fig. 8.1 (a) marked as ( § same as reported in the literature. The presence of an
additional phase of silver might be due to the ionic size difference between Ag* ions
(~1.29 2\) as compared to Fe** ions (~ 0.67 A). Similarly, a secondary phase of silver
marked as (e ) was also observed in all the co-doped samples (SK-016, SK-001, and
SK-021). lonic size difference may be responsible for this type of behaviour 49?2144,
An additional phase of Bi,O3was also noticed in the bismuth doped CF-NPs (SK-007)
marked as ( @ ) same as reported in the literature. It may also be due to the ionic radii
difference between Bi*" ions and Co?" ions. Note that the ionic radii of the Bi** ion are
~1.03 A &, while the ionic radii of the Co?" ion are ~0.72A ®. It is believed that Bi**
ions occupied octahedral or tetrahedral sites. Same behaviour was observed in Bi-Ag
co-doped CF-NPs (SK-021) where an additional phase of bismuth oxide (Bi,O3) can

be seen in fig. 8.1 (b).

The lattice parameter of the cubic crystal structure was calculated by using the
equation (3.3) °°. The lattice parameter increased in Bi-doped CF-NPs (SK-007)
whereas it decreased in Ag-doped CF-NPs (SK-002). It also increases in the Bi-Ag
co-doped CF-NPs (SK-016, SK-001, and SK-021) as the doping level increases in the
samples. It might be due to the ionic size difference of dopants (Bi** and Co?*) and
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host ions (Co®* and Fe**) ™. It can be observed that the minor shift in the highly
intense peak of the plane (311) in all the samples may be due to the doping/co-doping
7" The ionic size of the Fe** ion (~ 0.67 A) & is lesser than the Ag® ion (~ 1.29 A) *%.
Thus, the lattice parameter increases after co-doping of bismuth and silver ions
because of smaller ionic radii of host ions (Co** and Fe**) than the guest ions (Bi**
and Ag"). The crystallite size of samples can be calculated using Scherrer’s equation
(3.2) 142292213 1t is noticed that the calculated value of crystallite size decreases in the
silver doped sample (SK-002) #* and in the bismuth doped sample (SK-007) &. These
results are in good agreement with earlier reported values, whereas in all the co-doped
samples (SK-016, SK-001, and SK-021) the crystallite size first decreased and then
increased with an increase in level of doping (see Table 8.3).

The results obtained are listed in Table 8.3.

Table 8.3: Trends of crystallite size and lattice parameter of different Bi-Ag doped and co-doped samples of CF-
NPs as calculated using Scherrer’s equation

Sample-ids | Dopant/s Level of °/20 FWHM | Dnm Lattice
doping parameter
SK-002 Ag 0.1 | 3548 0.18 ~ 47 8.381
SK-007 Bi 0.1 | 3528 0.22 ~38 8.420
SK-016 Bi & Ag 0.05&0.05 | 35.50 0.15 ~55 8.385
SK-001 Bi & Ag 0.10 &0.10 | 35.67 0.22 ~ 37 8.390
SK-021 Bi & Ag 0.15&0.15 | 3543 0.17 ~49 8.392
SK-023 Un doped 0] 3551 0.15 ~54 8.385

The trends of variation of lattice parameters and crystallite sizes of un-doped, Bi, and
Ag-doped/co-doped CF-NPs are represented in fig. 8.2. Agrawal et al. also reported

the behaviour of CF-NPs doped with zinc in similar ways >*° (see fig. 8.2).
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Fig. 8.2 The trends of variation of:

(a) Lattice parameter of un-doped, Bi and Ag doped/ co-doped CF-NPs;
(b) Crystallite size of un-doped, Bi and Ag doped/ co-doped CF-NPs.
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8.3 Compositional analysis of samples using FTIR
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Fig. 8.3 FTIR spectra of sample-ids:
(a) SK-023, SK-002, and SK-007;
(b) SK-016, SK-001, and SK-021;
(c) Narrow scans view of all the samples at the range of 400-600 cm™

Figs 8.3(a) and 8.3(b) illustrate the FTIR spectra of un-doped CF-NPs (SK-023),
silver doped CF-NPs (SK-002), bismuth doped CF-NPs (SK-007), and Bi-Ag co-
doped CF-NPs (SK-016, SK-001, and SK-021) at different dopant/s concentartions,
respectively. The doping/co-doping level of each of these CF-NPs samples is also
listed in the Table 8.4. These CF-NPs were analysed by using FTIR analysis within
the range of wavenumbers 400 cm™ to 4000 cm™. It was observed that the absoption

bands of all the CF-NPs for different functional groups are of nearly the same range
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as can be seen in figs. 8.3 (a) and 8.3 (b). These absorption bands with assignments

and appropriate references are listed in Table 8.4.

Table 8.4: List of absorption bands obtained in FTIR analysis

SK-023 (CoFe,0,) SK-002 (CoFe; Agq10,)
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~ 3742 | -C-H bending a7 ~ 3738 | -C-H bending a7
~ 2338 | -C-O mode a7 ~ 2320 | -C-O mode 7
~1517 | H-O-H a7 ~ 1524 | H-O-H a7
~538 | Fe—O stretch tetrahedral | 7* ~565 | Fe—O stretch tetrahedral | '
~ 402 | Co-O stretch octahedral | ™ ~ 402 | Co-O stretch octahedral | ™
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~3742 | -C-H bending a7 ~ 3742 | -C-H bending a7
~ 2345 | -C-O mode a7 ~ 2338 | -C-O mode 7
~ 1557 | H-O-H & ~1517 | H-O-H 4
~551 | Fe—O stretch tetrahedral | 7* ~531 | Fe—O stretch tetrahedral | 7*
~ 402 | Co—O stretch octahedral | 7* ~ 402 | Co—O stretch octahedral | '
SK-001 (Coq ¢Big1Fe19A00104) SK-021 (Coq gsBig.15F€1.85A00.1504)
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~ 3742 | -C-H bending a7 ~ 3742 | -C-H bending a7
~ 2324 | -C-O mode & ~ 2352 | -C-O mode A
~ 1540 | H-O-H a7 ~1510 | H-O-H a7
~551 | Fe—O stretch tetrahedral | 7* ~561 | Fe—O stretch tetrahedral | '*
~ 402 | Co-O stretch octahedral | ™ ~ 402 | Co-O stretch octahedral | ™

A sharp absorption was observed band at ~ 402 cm™ in un-doped CF-NPs (SK-023),
Bi and Ag doped CF-NPs (SK-002 and SK007), as well as in Bi-Ag co-doped CF-
NPs (SK-016, SK-001, SK-021). This absorption band indicated the presence of Co-O
stretching vibration at the octahedral sites. The bands at the range of ~ 500 cm™ to ~
600 cm™ are characterised by the Fe-O stretching vibration at the tetrahedral sites.
These results are in good agreement with reported values "****%, Shanmugam et al.
also noticed the same behaviour in the FTIR when they examined the broadening and
shifting of the absorption band in this region ™.

8.4 Study of the magnetic behaviour of the sample using VSM
The magnetic behaviour of the Bi-Ag co-doped CF-NPs with sample-id: SK-021

(Coo.gsBig.15Fe1.85Ag0.1504) Was examined by VSM technique. The hysteresis loop of
the sample SK-021 can be presented in fig.8.4.
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Fig. 8.4 Hysteresis loop of co-doped CF-NPs with sample-id: SK-021

In the hysteresis loop, the saturation magentisation (Ms) was found to be higher when
observed up to 150 emu/g. The recorded value was 129.26 emu/g. The coercivity (Hc)
was found low or nearly zero 2, The low value of coercivity is responsible for the
change of ferromagnetic material into superparamagnetic material '*®. These

superparamagnetic materials are suitable for various biomedical applications *#.

8.5 Morphological studies and elemental analysis of samples using FESEM and
EDS

Figs. 8.5 (a) to 8.5 (d) present the different FESEM images of Bi-Ag co-doped CF-
NPs (SK-021) at the 0.15 concentration. It was observed the hexogonal shaped
particles with sharp and clear edges in these images (see figs. 8.5 (b) to (d)). The
agglomerated particles with a clear surface can be seen in fig. 8.5 (a). The average
grain size of the particles was measured at 873.33 nm. It was calculated by using

Image J software 14204208
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Fig. 8.5 Different FESEM pictures of sample-id: SK-021

Energy dispersive X-ray spectroscopy analysis (EDS) with FESEM is used to find the
presence of elements and their quantities in the given sample. Fig. 8.6 represents the
EDS mapping of the sample-id: SK-021 (CoggsBig.15F€1.85A00.1504). The gquantitative
analysis was performed to study the atomic percent and weight percent of the
elements in the sample of CF-NPs.
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Fig. 8.6 EDS mapping of the co-doped CF-NPs with sample-id SK-021

Here, the microscopist picked the K-lines, L-lines, and M-lines. Table 8.5 listed that
the sample contained Bi and Ag apart from other constituent elements present in the
CF-NPs sample. This recommends the successful co-doping of bismuth and silver in
the co-doped CF-NPs with 0.15 dopant concentrations "*">'% These obtained results

are also summarised in the Table 8.5.

Table 8.5: List of elements obtained in EDS analysis with weight percent and atomic percent
(Sample-id: SK-021)

Elements Weight % | Atomic %
oK 21.63 53.46

Fe K 40.02 28.33
CoK 20.07 13.46
AgL 7.25 2.66

Bi M 11.03 2.09

It should be noted that EDS analysis is a semi-qualitative as well as semi-quantitative

method of detection of the elements 2°72%,

8.6 Particle size and morphology studies using TEM

Further, TEM was used to study the sizes of particles of CF-NPs co-doped with
bismuth and silver. Figs. 8.7 (a) to 8.7 (c) represent the images of particles. Shrap
edges of crystals can be clearly seen here as well. Particles of a range of sizes can be
observed. Although Image J was used to analyse the particles’ size, particles with

diameters in the range of ~24.42 nm can be observed. Sumathi et al. studied CF-NPs
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co-doped with copper and cerium. They reported the particles’ sizes in the range of ~

27 nmto~38nm .

(@) (b) (9]

Fig. 8.7 (a) to (c) Different TEM images of the sample-id SK-021

8.7 Thermal Analysis of samples

Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC)
techniques were used to study the thermal properties of the samples. Here, the
samples were heated in the range of 30 °C to 450 °C at the heating rate of 10 °C/min.
The thermal stability, i.e., degradation of the samples with temperature was studied by
the Thermogravimetric analysis. The phase change after heating the sample was
studied via Differential scanning calorimetry. The results of TGA and DSC are

illustrated in figs. 8.8 (a) and 8.8 (b), respectively.
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Fig. 8.8 The thermal analysis of the CF-NPs through:
(a) TGA of all the co-doped samples with sample-ids: SK-016, SK-001 and SK-021;
(b) DSC of all the co-doped samples with sample-ids: SK-016, SK-001, and SK-021.
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Fig. 8.8 (a) illustrates the TGA results of co-doped samples (SK-015, SK-011, and
SK-021). There is no significant weight loss observed in the co-doped samples at the
specific temperature range. These results confirme the thermal stability of the co-
doped samples. Although a small, gradual weight loss was observed in the samples
that might be due to the loss of water. It is believed that molecules of water that get

adsorbed/absorbed at the surface of the samples was lost after the TGA treatment
109,147,181,209,210,217,218

Similarly, no thermal event was observed in the DSC analysis of co-doped CF-NPs
(see fig. 8.8 (b)). The DSC results confirmed the thermal stability of the samples at a
particular temperature range. However, sample-ld: SK-016 exhibits very small
exothermic behaviour at the range of ~ 280 °C. Although the sample-1d: SK-001
revealed insignificant exothermic events at the range of ~ 130 °C and the sample-Id:
SK-021 showed very small exothermic events at the range of ~ 225 °C. It is believed
that these properties of samples are attributed to the presence of residual nitrates and
hydroxyl groups in the co-doped CF-NPs 109147:181:209210,217.218

The data of the thermal analysis of all the samples are also listed in Table 8.6.

Table 8.6: The data obtained after thermal analysis of the co-doped CF-NPs

TGA DSC
Sample-ids | Weight loss (%) | Sample-ids Temperature at which minute
thermal event observed
SK-016 0.08 | SK-016 ~280°C
SK-001 0.06 | SK-001 ~130°C
SK-021 0.14 | SK-021 ~225°C

8.8 Antibacterial activities

The antibacterial activities were examined via Agar disk diffusion method. The
microsopic study of the permanent slide confirmed the presence of bacteria of
Bacillus family. Amoxicillin as a positive control and liquid paraffin as a negative
control were used during the process of the antibacterial activity test. All the CF-NPs

successfully generated different zones of inhibitions and obtained their antibacterial
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activities (see figs. 8.9 (a) and 8.9 (b)), while the composites of all the CF-NPs are

represented in fig. 8.9 (c).

Fig. 8.9 The antibacterial zone of inhibitions of:
(a) SK-002, SK-007, C (+ve) i.e. Amoxicillin, and C (-ve) i.e., Paraffin;
(b) SK-023, SK-016, SK-001, and SK-021;
(c) SKC-002, SKC-007, SKC-016, SKC-001, SKC-021, SKC-023, and C (+ve) i.e., Amoxicillin.
The zone of inhibitions was calculated with Image J software. It was observed that the
co-doping of higher dopant concentrations (SK-021) created the bigger zone of
inhibitions. Similarly, the composite of the CF-NPs of higher dopant concentration
(sample id: SKC-021) also formed the largest zone of inhibitions. The diameters of

the zone of inhibitions of the CF-NPs are also listed in Table 8.7.

Table 8.7: Diameter of the zone of inhibitions of different CF-NPs and its ZnO/Ag composites

Sample-ids | Zone of inhibitions | Sample-ids Zone of inhibitions
(mm) (mm)

SK-023 8.0 | SKC-023 8.5
SK-002 8.5 | SKC-002 9.0
SK-007 9.0 | SKC-007 9.5
SK-016 9.0 | SKC-016 9.5
SK-001 10 | SKC-001 10.5
SK-021 11 | SKC-021 115

It can be seen that the diameter of the zone of inhibitions of Bi-doped CF-NPs (SK-
007) and Ag-doped CF-NPs (SK-002) created the largest zones than the un-doped CF-
NPs (SK-023), as reported in the literature **™. It was found that the co-doped CF-
NPs created the larger zone of inhibitions than un-doped and doped CF-NPs.
Antibacterial activites of co-doped samples increased as the level of co-doping
increased. Here, the sample-id SK-021 created the largest zone of inhibitions. The
composite samples of CF-NPs also revealed the same trend. Sample-id SKC-021
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generated the largest zone of inhibitions ***?*, Hence, it can be concluded that the
ZnO/Ag composites of CF-NPs show enhanced antibacterial activities as compared to
their respective samples of CF-NPs. Graphically, the trend of antibacterial activities
of CF-NPs and its composites is represented in the figs. 8.10 (a) and 8.10 (b)

respectively.
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Fig. 8.10 Graphical representation of zone of inhibition of:
(a) Un-doped CF-NPs, Bi and Ag doped/ co-doped CF-NPs;
(b) Composites of un-doped CF-NPs, Bi and Ag doped/ co-doped CF-NPs.

Zone of inhibition (mm)

SK-023 SK-002 SK-007

Sample-id

Fig. 8.11 Bar graph picture showing the reproducibility of the sample-ids: SK-023, SK-002 and SK-007.

The reproducibility of antibacterial activities of the sample-ids: SK-023, SK-002, and
SK-007 is shown in fig. 8.11. Here, the trend of variation and reproducibility of the
samples follow the same order as it has been found in the antibacterial activities of
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bismuth doped CF-NPs and silver doped CF-NPs. It has been observed that the
antibacterial activities of silver doped CF-NPs remain higher than those of un-doped
CF-NPs 19122 gimilarly, bismuth doped CF-NPs also show higher antibacterial
activity than un-doped CF-NPs, as reported in the earlier studies "*. We also observed
that the CF-NPs co-doped with bismuth and silver showed enhanced antibacterial

activities than the singly doped CF-NPs as well as the un-doped samples.

8.9 Conclusion

Here, the co-doped cobalt ferrite nanoparticles (CF-NPs) with bismuth and silver were
successfully synthesised by using the sol-gel auto-combustion method. The ZnO/Ag
composites of these CF-NPs were also prepared by mortar-pestle grinding method.
The presence of Bi and Ag was confirmed through XRD analysis in all the doped and
co-doped samples. The crystallite size and lattice parameter were changed with the
level of doping. The FTIR study shows the minor shift in the absorption bands in
doped/co-doped CF-NPs as compared to un-doped CF-NPs. The VSM result of the
co-doped sample showed the change of ferromagnetic material into
superparamagnetic material. The superparamagnetic materials can be used in the
different biomedical applications. FESEM shows the agglomeration of the particles,
while EDS confirmed the co-doping in the CF-NPs. TEM shows the formation of
nanosized particles’ in the range of ~27 nm to ~38 nm. The thermal analysis of the
samples indicated that these samples were thermally stable at the specific range of the
temperature. All the synthesised CF-NPs and their ZnO/Ag composites effectively
showed the antibacterial activities. The composites of all the samples show enhanced
antibacterial activities than CF-NPs against the bacteria of Bacillus family, named

Bacillus paranthracis and Bacillus nitratireducens.
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Chapter 9
Antibacterial activities of co-doped cobalt ferrite with Bi-Zn and their

composite/s with ZnO/Ag

9.1 Introduction

This chapter deals with the synthesised co-doped CF-NPs with Bi-Zn and its ZnO/Ag
nanocomposites. The various Advanced Materials’ characterization techniques were
used to characterise these CF-NPs. The antibacterial activities of all the samples were
tested by using Agar disk diffusion test. The various results obtained are discussed in

the following sections (see sections 9.2 to 9.7).

9.2 Crystalline structure studies using XRD
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Fig. 9.1 Powder XRD pattern of:
(a) Un-doped CF-NPs (SK-023), Bi and Zn doped CF-NPs (SK-007 and SK-008);
(b) Bi-Zn co-doped CF-NPs (SK-017, SK-010 and SK-022).

Figs. 9.1 (a) and 9.1 (b) represent the XRD spectra of un-doped CF-NPs (SK-023), Bi
and Zn-doped CF-NPs (SK-007 and SK-008), and Bi-Zn co-doped CF-NPs (SK-017,
SK-010, and SK-022) respectively. It was performed at the diffraction angle (°/20)
between 10° to 80°. The CuKa radiations of wavelength 1.54 A were used throughout
the practice. All the diffraction peaks confirmed the cubic spinel structure of CF-NPs
with JCPDS card no. 01-083-3116 (see Table 9.1) **&,
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Table 9.1: List of angle of diffraction (/26) with respect to diffraction planes

Angle of Diffraction Angle of Diffraction Angle of Diffraction
diffraction plane diffraction plane diffraction plane
(°/20) (°/20) (°/20)
18.37° (111) 37.21° (222) 57.11° (511)
30.11° (220) 43.14° (400) 62.80° (440)
35.49° (311) 53.50° (422) 74.11° (533)

The level of doping of all the samples is also listed in Table 9.2.

Table 9.2: Un-doped, Bi and Zn doped, and Bi-Zn co-doped CF-NPs with their sample-ids at different
concentrations

S. No. Sample-ids | Dopant/s Level of Doping Desired product
1. | SK-007 Bi 0.1 | CoFe; ¢Biy104
2. | SK-008 Zn 0.1 | CoFe;4Zny10,4
3. SK'017 Bl & Zn 005 & 005 C00.95Bi0.05F91A95Zn0.0504
4. | SK-010 Bi & Zn 0.10 & 0.10 | CogoBig1Fe;9Zng10,
5. | SK-022 Bi & Zn 0.15 & 0.15 | CoggsBig.15F€1.85ZN0.1504
6. | SK-023 Un-doped 0 | CoFe, 0,

Fig. 9.1(a) showed the XRD spectra of un-doped CF-NPs (SK-023), Bi and Zn doped
CF-NPs (SK-007 and SK-008). It was observed the presence of a secondary phase of
Bi,O3 in bismuth doped CF-NPs (SK-007). This result is in good agreement with the
earlier reported value *°. Note that the ionic radius of the Bi®* ion (~1.03 A) is greater
than the Co®" ion (~ 0.72/31). Therefore, it can occupy the tetrahedral or octahedral
sites easily. No impurities were seen in un-doped and doped samples 5. Similarly,
in fig. 9.1 (b), a secondary phase of bismuth oxide (Bi,O3) was also seen in Bi-Zn co-
doped CF-NPs of higher dopant concentrations (sample-id: SK-022). The presence of
a secondary phase might be due to the ionic size difference between dopant ions and

host ions after co-doping .

The lattice parameter of the cubic crystal structure was calculated by using the
equation (3.3) ®®8M2 The bismuth doped CF-NPs (SK-007) and zinc doped CF-NPs
(SK-008) showed increase in lattice parameter than the un-doped CF-NPs (SK-023).
It might be due to the larger ionic radius of Bi** (1.03 A ) ion than Co®* (0.72 A ) ion
and Zn*" (0.74 A) ion than Fe** (0.67 A) ion ®**?, However, the simultaneous co-
doping of Bi** ions and Zn** ions at various concentrations shows an increase in the
lattice parameter in SK-017 to SK-010 when the level of doping increased from 0.05
to 0.10. Although at the dopant level of 0.15 (sample id: SK-022), it decreases. This

anomalous behaviour might be due to the ionic size difference of dopant ions (Bi**
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and Zn*") and host ions (Co®* and Fe**) ions ™. The minor shift in the highly intense
peak at the plane (311) can be seen in the entire samples as compared to the un-doped

sample. Doping/co-doping may be responsible for this kind of observation

The crystallite size of samples can be calculated using Scherrer’s equation (3.2)
142202219 "1t was observed the reduction in the crystallite size of the bismuth doped
CF-NPs (SK-007) ® however, it increased in zinc doped CF-NPs (SK-008) ?%°. These
results are the same as reported earlier in the literature. In the co-doped CF-NPs the
crystallite size of the sample SK-017 increases first, then decreases in SK-010. After
that, it further increases in sample SK-022 (see Table 9.3). The variation in the
crystallite size is dependent upon the level of co-doping. The ionic size difference
between dopant ions and Co* and Fe** might be responsible for this type of
behaviour **™". The trends of variation of lattice parameters and crystallite sizes of

un-doped, Bi, and Zn doped/co-doped CF-NPs are represented in fig. 9.2.

Table 9.3: Trends of crystallite size and lattice parameter of different Bi and Zn doped/ co-doped CF-NPs as
calculated using Scherrer’s equation

Sample-id Dopant/s | Level of doping °/20 FWHM | D (nm) | Lattice pﬁlrameter
(A)
SK-007 Bi 0.1 35.28 0.220 ~ 38 8.420
SK-008 Zn 0.1 35.50 0.145 ~57 8.409
SK-017 Bi & Zn 0.05 & 0.05 35.48 0.146 ~ 58 8.388
SK-010 Bi & Zn 0.10 & 0.10 35.51 0.190 ~44 8.409
SK-022 Bi & Zn 0.15&0.15 35.56 0.138 ~ 60 8.381
SK-023 Un-doped 0 35.51 0.150 ~54 8.385
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Fig. 9.2 Variation of crystallite size and lattice parameter of un-doped, Bi and Zn doped/ co-doped CF-NPs.
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9.3 Compositional analysis of samples using FTIR
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Fig. 9.3 FTIR pattern of:
(a) Un-doped CF-NPs (SK-023), Bi and Zn doped CF-NPs (SK-007 and SK-008);
(b) Bi-Zn co-doped CF-NPs (SK-017, SK-010 and SK-022).
(c) Narrow scan view of all the CF-NPs at the range of 400-600 cm™.

Various functional groups present in synthesised samples of CF-NPs were identified
using FTIR studies. Here, fig. 9.3 illustrates the FTIR spectra of un-doped CF-NPs, Bi
and Zn doped/co-doped CF-NPs at the different levels of doping. The absorption
bands observed at ~ 400 cm* to ~ 600 cm ' is indicate the metal-oxygen bonds at the
tetrahedral sites and octahedral sites. The sharp absorption band in the range of ~ 402
cm™* was seen in all the CF-NPs samples. These bands identified the presence of Co-O
bond at the octahedral sites whereas the band at ~ 540 cm™ to 590 cm™ shows the
presence of Fe-O bonds at the tetrahedral sites. The narrow scan view of the band at

400 to 600 cm™ shows a minor change in absorption bands towards a higher
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wavenumber or lower wavelength in all the doped/co-doped CF-NPs than un-doped
CF-NPs ™. A few more absorption bands were also seen in the FTIR spectra. A list of

various absorbtion bands obtained as per assignments is presented in Table 9.4.

Table 9.4: List of FTIR absorption bands in un-doped, doped and co-doped samples of CF-NPs

SK-023 (CoFe,0,) SK-017 (C0g g5Big.0sFe1 952N 0504)
Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band
~ 3740 -C-H bending 5 ~ 3742 -C-H bending 5
~ 2348 -C-O mode 1 ~2351 -C-0 mode o
~ 1536 H-O-H | ~1513 H-O-H a7
~ 540 Fe—O stretch tetrahedral W ~547 Fe—O stretch tetrahedral | *
~ 402 Co-O stretch octahedral W1~ 404 Co—O stretch octahedral | *
SK-007 (CoFe; ¢Biy:0,) SK-010 (Cog oBig1Fe; ZN.104)

Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band

~ 3670 -C-H bending > ~ 3742 -C-H bending >
~ 2344 -C-O mode ] ~2358 -C-0 mode “7
~ 1590 H-O-H 7]~ 1523 H-O-H 4
~ 544 Fe—O stretch tetrahedral W1 ~580 Fe—O stretch tetrahedral | *
~ 402 Co-O stretch octahedral W1~ 404 Co-O stretch octahedral |

SK-008 (CoFe; 9Zng10y) SK-022 (Coqg5Big.15F€1.852N0.150.,)

Observed Assign. Ref. | Observed Assign. Ref.
abs. band abs. band

~ 3735 -C-H bending > ~ 3742 -C-H bending >
~ 2347 -C-O mode 1 ~ 2364 -C-O mode a7
~ 1552 H-O-H 7] ~ 1527 H-O-H 4
~ 552 Fe—O stretch tetrahedral W1~ 587 Fe—O stretch tetrahedral |
~ 402 Co-O stretch octahedral W1~ 404 Co-O stretch octahedral | ™

9.4 Study of the magnetic behaviour of the sample using VSM
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Fig. 9.4 Hysteresis loop of co-doped CF-NPs (sample-id: SK-022)
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The magnetic character of bismuth and zinc co-doped CF-NPs studied by using VSM
(Vibrating Sample Magnetometer). The hysteresis loop of a co-doped sample of
dopant level 0.15 (sample-id: SK-022) is illustrated in fig. 9.4. It was measured up to
100 emu/g. The recorded value of saturation magnetisation (Ms) was 80 emu/g. The
high value of saturation magnetisation and low or negligible coercivity (H.) revealed
the superparamagnetic character of the co-doped sample SK-022. The
superparamagnetic behaviour shows that the material does not retain magnetism even
in the absence of an applied magnetic field. This type of behaviour is suitable for

different biomedical applications *'4%%%

9.5 Morphological studies and elemental analysis of samples using FESEM and
EDS
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Fig. 9.5 FESEM images of co-doped CF-NPs (sample-id: SK-022)
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Fig. 9.5 displays various FESEM pictures of sample-id: SK-022. The particles of
rounded and clear edges can be seen in fig 9.5a. Agglomerated particles with clean
surfaces were also seen in fig. 9.5b to fig. 9.5d. These images show that the particles
have rounded and angular edges, and these were arranged in large clusters. The
average grain size of the sample id: SK-022 was measured 1159 nm. It was calculated

with Image J software 14204206

EDS analysis is used for elemental analysis (both qualitative and quantitative). Here,
the co-doped sample CoggsBig.15F€1.85ZN0.1504 (sample-id: SK-022) was examined.

The mapping of elements in this sample is presented in fig. 9.6.
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Fig. 9.6 EDS mapping of the elements in sample id: SK-022

It can be noted that the microscopist selected the K-lines and M-lines only. Table 9.5
summarises the results obtained during quantitative analysis with weight percent and
atomic percent of elements in the sample SK-022. These results confirmed the

effective co-doping of CF-NPs with bismuth and zinc ions ",

Table 9.5: List of weight percent and atomic percent of the elements in sample-id: SK-022.

Elements | Weight % | Atomic %
oK 16.34 43.43

Fe K 46.55 35.43
CoK 23.99 17.31
ZnK 2.60 1.69

Bi M 10.52 2.14
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It is clear from the data in Table 9.4; the atomic percent of the observed value and
expected value are different from each other. It should be pointed out that it is a semi-
qualitative and semi-quantitative method of analysis 2°"?®. These results show the
deviance due to mode of analysis and control of the machine.

9.6 Thermal analysis of samples
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Fig. 9.7 Thermal analysis of co-doped CF-NPs via:

(a) TGA of co-doped samples SK-017, SK-010 and SK-022;
(b) DSC of co-doped samples SK-017, SK-010, and SK-022.

Fig. 9.7 (a) represents the TGA results of co-doped CF-NPs (SK-017, SK-010, and
SK-022). No significant weight loss was observed in all the co-doped samples at a
particular range of temperature. The TGA results confirmed the thermal stability of
the Bi-Zn co-doped CF-NPs samples. Although a minor, gradual weight loss was
observed, it might be due to the loss of water. It is believed that molecules of water
that get adsorbed/absorbed at the surface of the samples were lost after the TGA

treatment 21,82,109,147,181,209,210,217,218.

Similarly, during the DSC study, no thermal event was noticed (see fig. 9.7(b)). DSC
analysis of the samples confirmed their thermal stabilities at a specific range of
temperature. However, the sample-id SK-017 showed a minute endothermic event at
~125 °C, whereas a minor exothermic event can be observed at ~322 °C. Similar
behaviour can be observed in the other two samples as wel| *0:147:181.209.210.217.218

All the data obtained in the thermal analysis of the samples are listed in Table 9.6.
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Table 9.6: The thermal analysis results of the Bi-Zn co-doped CF-NPs
TGA DSC
Sample-ids | Weight loss (%) | Sample-ids | Temperature at which minute
thermal event observed

SK-017 0.02 % | SK-017 ~325°C
SK-010 0.03 % | SK-010 ~336 °C
SK-022 0.06 % | SK-022 ~300 °C

9.7 Antibacterial activities

Fig. 9.8 represents the results of the antibacterial activities of un-doped CF-NPs, Bi
and Zn doped/co-doped CF-NPs. It was performed by using the Agar disk diffusion
test. The measured zone of inhibitions showing the antibacterial activities of all
samples of CF-NPs and their ZnO/Ag nanocomposites are also listed in Table 9.7. It
was found that the diameter of the zone of inhibition was higher in the bismuth doped
CF-NPs (SK-007) and zinc doped CF-NPs (SK-008) than un-doped CF-NPs (SK-
023). These results are in good agreement with earlier reported values **"*. The
diameter of the zone of inhibitions in co-doped samples increases in a regular manner

from SK-017 to SK-022 as the level of doping increases >,

Similarly, the composites of the doped samples created the bigger zone of inhibitions
as compared to the composite of the un-doped sample. The zone of inhibitions in
composites of co-doped samples also increases in a regular manner from SKC-017 to
SKC-022. Although, the composites of all the samples created the bigger zone of
inhibitions than their respective samples of CF-NPs *.

Fig. 9.8 Measurement of antibacterial zone of inhibitions in:
(a) SK-023, SK-007, SK-008, SK-017, SK-010, SK-022, C +ve and C —ve;
(b) SKC-023, SKC-007, SKC-008, SKC-017, SKC-010, SKC-022, C +ve and C —ve.
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Table 9.7: list of measured diameters of zone of inhibitions in un-doped, doped and co-doped CF-NPs

Sample-id | Zone of inhibitions | Sample-id Zones of inhibitions
(mm) (mm)

SK-023 7.6 | SKC-023 8.0
SK-007 8.4 | SKC-007 9.2
SK-008 7.8 | SKC-008 8.2
SK-017 9.0 | SKC-017 9.5
SK-010 9.5 | SKC-010 10.0
SK-022 10.0 | SKC-022 10.5

Graphically, the trend of antibacterial activities of CF-NPs and its ZnO/Ag
composites is represented in figs. 9.9 (a) and 9.9 (b) respectively.
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Fig. 9.9 Graphical representation of zone of inhibition of:
(a) Un-doped CF-NPs, Bi and Zn doped/co-doped CF-NPs;
(b) Composites of un-doped CF-NPs, Bi and Zn doped/co-doped CF-NPs.

Zone of inhibition (mm)

SK-023 SK-008 SK-007

Sample-id

Fig. 9.10 Bar graph pictures presenting the reproducibility of the sample-ids: SK-023, SK-008 and SK-007.
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The reproducibility of antibacterial activities of the sample-ids: SK-023, SK-008, and
SK-007 is shown in fig. 9.10. Here, the trend of variation and reproducibility of the
samples follow the same order as it has been found in the antibacterial activities of
bismuth doped CF-NPs and zinc doped CF-NPs. It has been found that the
antibacterial activities of zinc doped CF-NPs remain higher than those of un-doped
CF-NPs **. The bismuth doped CF-NPs also show higher antibacterial activity than
the un-doped sample, as reported earlier in the literature *. We also observed that the
CF-NPs co-doped with bismuth and zinc showed better antibacterial activities than

the singly doped CF-NPs as well as the un-doped samples.

9.8 Conclusion
Here, we synthesised the bismuth-zinc co-doped CF-NPs via the sol-gel auto-
combustion route. The ZnO/Ag composites of CF-NPs were also prepared by mortar-

pestle grinding method.

Powder XRD analysis confirmed the presence of Bi and Zn in all the doped and co-
doped CF-NPs. The level of doping in CF-NPs changes their crystallite sizes and
lattice parameters. The FTIR pattern shows the slight shifting of the absorption bands
in doped and co-doped CF-NPs compared to un-doped CF-NPs. The magnetic
properties of the samples were studied using VSM. The hysteresis loop of the co-
doped sample (SK-022) showed the change of ferromagnetic material into a
superparamagnetic material. The superparamagnetic materials are suitable for
different biomedical applications such as gene delivery, drug delivery, and MRI.
FESEM images showed the presence of agglomerated particles of rounded and clear
edges, whereas EDS confirmed the presence of elements such as Bi, Zn, Co, Fe, and
O. The thermal properties of all the co-doped CF-NPs showed that these CF-NPs were
thermally stable at the specific range of temperature.

The synthesised CF-NPs and their ZnO/Ag composites successfully revealed the
antibacterial activities. The composite samples showed enhanced antibacterial
activities as compared to samples of CF against the Bacillus paranthracis and

Bacillus nitratireducens.
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Chapter 10

Summary and Conclusion

Cobalt ferrite has a spinel structure with the general formula AB,0O,. They exhibit
several exceptional properties because of their unique molecular structure. They can be
used in several technological applications, e.g., in the fabrication of sensors, electronic
devices, and optical devices. They can also be used in several biomedical applications,

e.g., in Magnetic Resonance Imaging (MRI), drug delivery, and gene delivery.

Here, we synthesised a series of cobalt ferrite samples doped/co-doped with various
ions successfully. A complete list of samples synthesised in this work is provided in
Chapter 3. We used several pairs of ions, e.g., ‘silver (I) and copper (II)’, ‘zinc (II) and
silver (1)’, ‘copper (II) and zinc (II)’, ‘silver (I) and bismuth (IIT)’, and ‘zinc (I) and
bismuth (III)* as dopants. The sol-gel method was used for this purpose. This route of
synthesis offers a method of material synthesis where reactions can be carried out
under mild conditions, e.g., low temperatures (room temperature), and the
requirement of simple laboratory infrastructure, to name but a few. Changes in
precursors and reagents result in the formation of entirely different products, which
enables us to prepare a wide variety of materials with desired properties. We used
metal nitrates as sources of cobalt and iron. Similarly, nitrates of respective ions were
used as source metal ions that were used as dopants. Citric acid was used as fuel,
whereas ammonium hydroxide was used to control the pH of the reaction system. The
temperature was maintained below 100 °C throughout the reaction. The sol was turned
into a gel, which, on further heating, resulted in the formation of a black, fine powder.
The powder was calcined at 1000 °C for four hours in an electric furnace under

restricted air supply.

The as-prepared un-doped/doped/co-doped CF-NPs was further modified, and
composites were prepared through the mortar-pestle grinding method. We used

ZnO/Ag for this purpose. Starch was used as binder. This was also a very simple

141



procedure that was carried out under ambient conditions. We mixed these materials

manually.

The antibacterial activities of all the samples (undoped/doped/co-doped CF-NPs and
their composites) were studied using Agar disk diffusion method against Bacillus

paranthracis and Bacillus nitratireducens.

We obtained few results almost similar in all the samples, irrespective of dopants. The
XRD result showed that the crystals of all the samples were of cubic spinel structure.
Hence, while calculating crystallite size using Debye Scherrer’s equation, we used the
numeric value for Scherrer’s constant as 0.9. Also, we used the same XRD machine
for this study, which used CuKa radiation, and hence the numeric value for wavelength
was taken as 1.54 A. The °/26 value for this measurement was also kept the same in all
our measurements (10° to 80°). We obtained a sharp XRD peak in all the samples for
the (311) plane with minor variations. The minor variation can be attributed to
different levels of doping in different samples. The variations are discussed further in
the following paragraphs, where we discussed results separately according to dopant
ions. Similarly, the FTIR results demonstrated that co-doping did not impact the
octahedral structure of the molecule. We believe that these part molecules were at least
thermodynamically stable enough that co-doping could not disturb their structure. All
the samples showed an absorption band within the wavenumber range of~400 cm™ to-~

600 cm™, suggesting the presence of a metal-oxygen bond in the molecules.

All the samples were analysed for thermal analysis using both TGA and DSC. TGA
was used to find out the thermal degradation or thermal stability of the samples within
the temperature range of analysis. We performed the TGA analysis from room
temperature (RT, i.e., 30 °C) to 600 °C, whereas in DSC thermal analysis was carried
from (RT, i.e., 30 °C) to 440 °C. It was observed that these samples did not show any
significant thermal events, which demonstrates that the samples were thermally stable.
A very slight loss in weight in TGA analysis was observed in all the co-doped samples.

This can be attributed to a loss of moisture from the sample as the samples were
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prepared in water medium. It is also possible that that those absorbed and adsorbed
water molecules were expelled when heated, which is reflected in the slight loss of
weight in TGA results. Perhaps, organic impurities present in the sample may also be
responsible for this loss, as citric acid was used as fuel to complete the reaction.
Thermal stability can be useful for a few applications, for example, in the fabrication
of medicine where, the medicine has to be transported geographically from one point
to another. Many times it has to be transported through severe climatic conditions.
These samples can be proved useful for those applications. Although, few minor
variations have been observed, which we have discussed separately where we

discussed results separately according to dopant ions in the following paragraphs.

Similarly, co-doping influenced the magnetic properties of CF-NPs severely. The
ferromagnetic material was changed into superparamagnetic materials as obtained
from VSM results. These results demonstrate that the material can be potentially used
for drug delivery as well as gene delivery applications. In the micrographs, almost all
the samples showed agglomeration. The EDX analysis confirmed the presence of
expected ions. TEM results of a few samples show the formation of nanosized
particles. All the variations are discussed separately in the following paragraphs.
Hereafter, we have summarised the variations obtained (pairwise) according to the co-

doping of ions.

Doping of CF-NPs with Cu (I1) and Ag (1) ions (Pair 1)

The lattice parameters of co-doped samples decreased when the doping levels were
0.05 and 0.1, whereas the value of this parameter remained the same when we
increased the doping level from 0.1 to 0.15. The crystallite size varied a lot. When we
compare its value with an un-doped sample, the crystallite size increased with an
increase in doping level, but this trend changed with a further increase in doping
levels. The crystallite size was less in the case of samples with doping level 0.15 than
the crystallite size of the samples with dopant level 0.1. Although a minor shift was
observed with the change in doping level. VSM showed the superparamagnetic

character of the co-doped sample (sample-id: SK-018). The micrographs obtained
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from Field emission scanning electron microscopy confirmed the pentagonal shape of
the particles in the sample (sample-id: SK-018). Elemental analysis was studied using
EDS. It confirmed the presence of Cu, Ag, Fe, Co, and oxygen, confirming that the
molecules were successfully co-doped. The DSC curves of co-doped samples (sample-
ids: SK-013, SK-006, and SK-018) showed a minor thermal event. The samples SK-
013 and SK-006 showed a minor exothermic event at 186 °C and 260 °C, respectively,
whereas the sample SK-018 decomposed in the endothermic region at 230 °C. All the
samples of CF-NPs and their composites successfully showed antibacterial activities.
The antibacterial zone of inhibition in Cu-Ag co-doped CF-NPs increased linearly with
the level of doping. ZnO/Ag composites of these CF-NPs also followed the same
trend. The composites of CF-NPs showed enhanced antibacterial activities compared
to CF-NPs.

Doping of CF-NPs with Ag (1) and Zn (I1) ions (Pair 2)

The XRD pattern of the un-doped, Ag-Zn doped/co-doped CF-NPs showed the change
in size of the crystals with the dopant’s level. Initially, the size of crystals decreased
with co-doping, followed by an increase, and finally, it again decreased. The lattice
parameters of co-doped samples increased when the doping levels were 0.05 and 0.1,
whereas the value of this parameter decreased when we increased the doping level
from 0.1 to 0.15. VSM of co-doped sample SK-019 confirmed its superparamagnetic
character. The presence of agglomerated particles with rounded edges was confirmed
in SK-019 with FESEM micrographs. EDS analysis of the co-doped sample SK-019
confirmed the co-doping. DSC curves illustrated that all the co-doped samples slightly
decomposed. The antibacterial activities of all the Ag-Zn co-doped CF-NPs increased
in a regular manner with an increase in dopant concentrations. Similarly, the
antibacterial activities of their composites also increased in a regular manner.

Composites showed better antibacterial activity than CF-NPs.

Doping of CF-NPs with Cu (11) and Zn (11) ions (Pair 3)
The powder XRD pattern of Cu-Zn un-doped and doped/co-doped CF-NPs showed the
variation of crystallite size and lattice parameters. The crystallite size of co-doped

samples initially decreased from the dopant concentrations of 0.05 to 0.1; after that, it
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further increased. The ionic size difference between dopant ions and host ions (Co**
and Fe**) might be responsible for these changes. The co-doped samples (SK-015, SK-
011, and SK-020) showed a slightly linear increase in the lattice parameter with an
increase in the level of doping. A minor shift in the absorption band was observed with
the change in concentrations of dopant. The VSM result of co-doped sample SK-020
suggested that the sample was superparamagnetic. FESEM images of the sample SK-
020 showed the presence of agglomerated particles of angular morphology with clear
edges and surfaces. EDS confirmed the presence of Cu, Zn, Fe, Co, and O in SK-020.
The TEM result of sample-id SK-020 shows the formation of nanosized particles of
the range of 98.35 nm. DSC did not exhibit any distinct thermal events in all the co-
doped samples. The antibacterial activity of the as-prepared CF-NPs increased with an
increase in the dopant concentrations. The ZnO/Ag composites also followed the same

trend. The composite samples showed better antibacterial activities than CF-NPs.

Doping of CF-NPs with Bi (I11) and Ag (1) ions (Pair 4)

The XRD pattern of un-doped, Bi-Ag doped/co-doped CF-NPs showed the change in
the crystallite sizes and lattice parameters. The crystallite size of co-doped samples
initially decreased from the dopant concentrations of 0.05 to 0.1; then it further
increased in the sample at dopant concentrations of 0.15. The ionic size difference
between dopant ions and host ions (Co®* and Fe**) might be responsible for these
changes. The co-doped samples (SK-016, SK-001, and SK-021) showed a slightly
linear increase in the lattice parameter with an increase in dopant concentrations. It
showed a minor shift in the absorption bands in doped/co-doped CF-NPs compared to
un-doped CF-NPs. The VSM result of co-doped sample SK-021 shows the
superparamagnetic character. It can be used in different biomedical applications.
FESEM micrographs of SK-021 showed agglomerated particles of hexagonal shapes
with sharp and clear edges, while EDS confirmed the presence of Bi, Ag, Fe, Co, and
O in the sample SK-021. The TEM result of sample-id SK-021 shows the presence of
nanosized particles in the range of ~27 nm to ~38 nm. No distinct thermal event was
observed in DSC. All the synthesised Bi-Ag doped/co-doped CF-NPs and their
ZnO/Ag composite samples successfully showed antibacterial activities. The

antibacterial activity of Bi-Ag co-doped CF-NPs increases in a regular manner with an
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increase in the level of doping. The composite of these samples also followed the same
trend. All the composite samples created larger zones of inhibition than CF-NPs and

showed improved antibacterial activities.

Doping of CF-NPs with Bi (111) and Zn (11) ions (Pair 5)

Powder XRD patterns of Bi-Zn doped/co-doped CF-NPs confirmed the change in
crystallite sizes and lattice parameters with dopant concentrations. It was observed that
the crystallite size decreased after co-doping, followed by an increase, and then further
decreased. The lattice parameter of co-doped CF-NPs increased from the dopant level
of 0.05 to 0.1, and then decreased at the dopant level of 0.15. FTIR showed a minor
shift in the absorption bands in doped/co-doped CF-NPs compared to un-doped CF-
NPs. The VSM showed the magnetic properties of the co-doped sample SK-022. The
hysteresis loop of SK-022 confirmed the formation of superparamagnetic material.
FESEM images of the sample SK-022 showed the presence of agglomerated particles
with rounded and clear edges. EDS confirmed the presence of elements such as Bi, Zn,
Co, Fe, and O in co-doped sample SK-022. The synthesised CF-NPs and their ZnO/Ag
composites successfully revealed their antibacterial activities. The composite of all the

CF-NPs shows improved antibacterial activities as compared to CF-NPs.

Co-doping enhanced the antibacterial activity of CF-NPs as compared to un-doped CF.
The antibacterial activity in each pair of co-doped CF-NPs increased with an increase
in the level of doping. The largest antibacterial zone of inhibition was observed in
BiAg co-doped CF-NPs (SK-021), whereas the Cu-Zn co-doped CF-NPs (SK-015)
created the lowest zone of inhibition. It might be due to the ionic size difference of
dopant ions and host ions. The composite of Cu-Ag co-doped CF-NPs (SKC-018)
created the largest zone of inhibition, while the composite of Zn-Ag co-doped CF-NPs
(SKC-014) created the smallest zone of inhibition. It is believed that the formation of
reactive oxygen species (ROS) and the electrostatic interaction of MNPs with the cell
wall might be responsible for these types of activities. However, the exact process by
which NPs enter bacteria is still unknown. In the future, the different trends of particle

size on the antibacterial activity of co-doped samples can be explored.
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Abstract. Fernte ncles are They also show photocatalytic and antbacterial
actuvities. These unique properties make thtm cxu'cn.e!y m for various applications e.g.,
they can potentially be used for el sy radar,
sensing material, catalytic and ph ytc appl and several biomedical applications.
S“mlmmodsha\‘b.endmrlap.dm,, ise these ls. These include sol-gel, co-
precipitation, ball-muilling, 1 b and microwave hydrothermal

procedure. Recently, these materials havc been using \mous parts of plants Hidizcus roza-
sinenziz, Hydrangea p lara, Y, ByC . seed, aegle
marmelos, Limonia acidizzima juice, aloe vera, i and ¢

were used for this purpose. Ferrites of silver, cobalt, zinc, and nickel were

successfully. Few doped ferrites, e.g., silver doped cobalt ferrite, nickel doped zinc ferrite, and
zinc doped nickel ferrite were also synthesised Use of plant-parts evades the necessity of the
use of expensive metal salts. Vanous parts of plants, e.g . flowers, leaves, and seeds act as a

10 agent, chelating agent, redu agent, nd :wm{ agent during reactions. Thu is a
non-toxic, eco-friendly, and :osx-cﬂ’ccn\‘ The samp were ch d using
wvanous Advance N Teck The were very nmch i
agreement with the desired \nhus In a few cases, bcnaranub.ﬂu‘ul activities have been
observed with ferrites obtained via this thod Left-over parts of food and fruits can be used
for this method which may belp in waste Stll, the d scope is Jeft in this
area that can be exploited which may include 1 up of the prod:

Keywords: les, 1 chemical and biosynthesis, antibacterial
actvities
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ARTICLE INFO ABSTRACT
Article history: Ferrites are ceramics having Fe (1l1) ions. Cobalt ferrite was doped with bismuth via sol-gel method The
Available online xxxx doped samples were mixed with polyaniline to form the composites. Polyaniline was chosen as it wasa
cheap material. Sol-gel method is a time saving and simple method. It akso brings about the homogeneity
Keywords: in the reaction. The synthesized material was calcinated at 900 “C for 6 h. Preparation of polyaniline was
Magnetic matenals done by oxidative polymerization method. Here ammonium persulphate act as an oxidative agent. The
IS»F:‘ polyaniline was washed with methanol and dried for 24 h in an oven The composite of bismuth doped
ey cobalt ferrite and polyaniline were studied through X-ray diffraction (XRD), FTIR, UV, VSM and FESEM. It
Radar 2 . . P 3
Microwave was observed that magnetic and optical properties changed with change in amount of dopant.
© 2021 Elsevier Ltd. All rights reserved.
Selection and pe under ibility of the scientific committee of the International Confer-

ence on Advances in Nanomaterials and Devices for Energy and Environment.

1. Introduction as MRI (magnetic resonance imaging) [3-6). Based on crystal struc-
i 3 5 .
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Keywords: spinel ic, bi dical appli i sensors, sol-gel.
:\bstr:ct Spmel. orthofs and h 1 are the various forms of femites. They
due to theiwr daffe 1 1 . Cobalt femte (CF) 15 a

spmnel fermte. my show magnetic, dielectnc, optical, caulytu:)l and antibactenal properties.
'l'hc CF nanoparticlez (NPz) are .xtm,:vcly Md in various field e.g.. electromics and

env 1 2 and catalysis. to name
but a fm The.e materials can be doped to modify their properties so thzl they can be used for
Several d=z have been developed for the d of theze
eg. 1-2 ‘4 hydroth al h ave hydroth 1 heati auto-
ball mill and 1 Sol-gel thod 15 widely used for this purpose as
this does not require complex laboncow mfra structure and hence cost effective. Particles of
narrow size distribution can also be = d under b3 or at lower temperatures. Here,

the doping of CF-NP: with first transition series has been reviewed. The comparable iomic
sizes of cobalt and ron, an.d ions of first ransition senes, help the process of doping. Doping

of CF-NPs with first senes ch their properties in several way: I :h. size of
cr_\uul, and Cune temperature can be altered by 4d with and

X Values of ity and = i can alzo be modified by doping
thiz material with zinc, nickel. and y alzo ch “hgn CF-\IP, are doped

with the above said elements. CF-NPs with ahexed
zinc-doped can be used for stress sensor applxeanon—

bave =

ppl es=.

1. Introduction
Metal oxide nanoparticles (INPs) show exceptional magnetic, optical. and dielectric propuues Vanious

metal ides were synthesised. Cobalt femmite (CF) NPs are one of them. Subst: on and dopi of
Inorganic Chemistry Communications 147 (2023) 110201
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ARTICLEINFO ABSTRACT

M Ferrites have great importance in the field nlmuennlae.\mee Cobalt ferrite iz one of them which have immense
EP"’" ccientific interest Jucbom: unique and This ial exhibits

Semeors i c2. i lectric, optical, ph lytic, and lytic, to name but a few. They also chow
Biomedical

M N ib i ivi i nlcPcnnbeuﬂmdhynmulwnys Th;spwnduanappomuuquomnle
Drug delivery materials of desired properties. Several methods have been used to thesice this 1. Alth h, it has been

observed that zol-gel route and itz modifications are widely used. The method of synthesis, heat treatment and
effect of doping strongly influenced the particle size of umpln, mofphobgy, n.ml structure, and hence their

Like 1 optical, 1e, and l 3 also depend upon
these ies of the ial. Their i mnhobeaﬂmcdbydmgmﬁmnmmﬂ&nndm
earth element. It iz poesible to prepare of this ial, which opens a new area that can be
utilized by scientists and for the of ledge and cutting edge technology. In this age,
when the human civilisation iz going for digitizati i ials of thiz quality that can be used for

nornz:uulmwmmoldnh.m;wownptmphcem&wwrwc“edmh-y Here, we have
and routes of synthesiz of CF doped with elements of 4d-series. To our
knowledge this has not be done in the recent years.
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ARTICLEINFO ABSTRACT

Keywords: Cobalt ferrite was co-doped with bizmuth and silver of diffe ions via sol-gel bustion method.

Spinel 5 Citric acid waz used az fuel. The powder product was calcined uzing an electric furnace at 1000 “C for 4 hre. X-ray

N'Iaguuc p diffraction pattem of co-doped cobalt ferrite nanoparticles (CF-NPz) chowed the formation of cubic erystalline

hmm structure. Pewmysmallabeorphonbandsmrealsoobsuved The crystallite cizes of these materials were ~ 40

mmﬁl nm to ~ 60 nm. As calculated using 's ion it has been ob ] that the crystallite cize changed

Biomedical with change in doping and co-doping levels. Thiz iz a very pertinent observation chowing that crystallite size can
be controlled through doping and Joping. Since ies of icles largely depend on the cizes of the
particles this also imply that particles of desired prupane:mnbccynthenxd usmgdur.m:ﬁ:od The results
obtained through X-ray diffraction were further deeply lysed using 1 using FullProf suite.
Fourier Transform Infrared (FTIR) ic studies i d the ion of spinel Few very
emall abeorption bandz were alzo obzerved in FTIR. Pn.mcle sizes ac obcerved ucing Zeta potential and Particle
Size lyser (ZS) was i ly 675 nm. Field i ing Electron Mi (FESEM), Trans-
miscion Electron Microscope (TEM) showed that the icles were 1 1. C ites of doped CF-
NPz with ZnO/Ag were prepared manually by grinding th:mmnmorta.rand pestle. Starch was used uubmdcr
All thece camples includi ites chowed antib ivities. The results revealed that co-doped cobalt

ferrite nanoparticles of higher dopant concentration exhibit higher antibacterial activity. These materials can be
used in various biomedical applications.
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Annexure 1

Table: The diameter of zone of inhibitions of all the synthesized samples presenting their antibacterial

activities
Pair 1 (Cu-Ag) Pair 2 (Ag-Zn)
Sample- Zone of Sample- Zone of Sample- Zone of Sample- Zone of
ids inhibitions ids inhibitions ids inhibition ids inhibition
(mm) (mm) (mm) (mm)

SK-023 7.6 | SKC-023 7.8 | SK-023 7 | SKC-023 7.5
SK-002 8.0 | SKC-002 8.5 | SK-002 7.2 | SKC-002 7.6
SK-005 8.2 | SKC-005 8.8 | SK-008 7.4 | SKC-008 7.8
SK-013 8.5 | SKC-013 9.5 | SK-014 7.6 | SKC-014 8.5
SK-006 9.0 | SKC-006 10.0 | SK-012 7.8 | SKC-012 9.0
SK-018 10.0 | SKC-018 12.0 | SK-019 8.4 | SKC-019 9.5

Pair 3 (Cu-Zn) Pair 4 (Bi-Ag)

Sample- Zone of Sample- Zone of Sample- Zone of Sample- Zone of
ids inhibitions ids inhibitions ids inhibition ids inhibition
(mm) (mm) (mm) (mm)
SK-023 7 | SKC-023 7.5 | SK-023 8.0 | SKC-023 8.5
SK-005 7.2 | SKC-005 8.5 | SK-002 8.5 | SKC-002 9.0
SK-008 7.4 | SKC-008 8.6 | SK-007 9.0 | SKC-007 9.5
SK-015 7.5 | SKC-015 9 | SK-016 9.0 | SKC-016 9.5
SK-011 8 | SKC-011 9.3 | SK-001 10 | SKC-001 10.5
SK-020 8.5 | SKC-020 9.5 | SK-021 11 | SKC-021 115
Pair 5 (Bi-Zn)

Sample- Zone of | Sample- Zone of | Sample- Zone of | Sample- Zone of
ids inhibitions | ids inhibitions | ids inhibition | ids inhibition
(mm) (mm) (mm) (mm)
SK-023 7.6 | SKC-023 8.0 | SK-017 9.0 | SKC-017 9.5
SK-007 8.4 | SKC-007 9.2 | SK-010 9.5 | SKC-010 10.0
SK-008 7.8 | SKC-008 8.2 | SK-022 10.0 | SKC-022 10.5
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