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Abstract

This thesis deals mainly with the structural and magnetic properties of Co-
based nanoferrite samples that were simultaneously and symmetrically substituted
by Mg, Sr, Mn and Ba cations. These samples were synthesized by glycol-thermal
method from high purity metal chlorides as starting materials. The synthesized
compounds included the series of Mg, Sr,Mn,Co;_3,Fe;O4 (z = 0, 0.1, 0.2, 0.3 and
1/3), Bag5CopsFez0y4, Sry/3Mny/3Co01/3Fe,04 and Bay 3Mn;g 5Co;/3Fe204 nanofer-
rites. The spinel phases were confirmed by X-ray diffraction (XRD). The sam-
ple morphologies were studied by high resolution transmission electron microscopy
(HRTEM) and high resolution scanning electron microscopy (HRSEM). The synthe-
sized samples show well-defined lattice fringes in HRTEM images indicative of the
crystalline structure. The synthesized nanoparticles were obtained in the range of
particles sizes from 7 to 9 nm. We have found a strong correlation between density
and molecular weight of the synthesized Mg,Sr,Mn,Co;_3,FesO4 (z = 0, 0.1, 0.2,
0.3 and 1/3) compounds.

The magnetic properties were studied by using "Fe Mossbauer spectroscopy and
magnetization measurements. The results reveal distortions in the hysteresis loops at
low temperature which we associate with spin freezing effects. We also find good cor-
relation between saturation magnetization and particle sizes. The temperature de-
pendences of the saturation magnetization and coercive field show interesting trends.
The magnetization data can be fitted by the modified Bloch’s law and the coercive
fields by Kneller’s law at low temperature below the blocking temperature. The
temperature dependent of coercivity follows T law with o ~ 0.77. However, the
temperature dependence of the coercive field for Bag5Cog5Fe;O,4 follows Kneller’s
law with o = 1. With increasing values of z, significant correlation between coercive
field and the blocking temperatures have been observed. We also report coercive
field enhancements at low temperature for the samples with z = 0, 0.1 and 0.2.
The Baj/sMn;/3Co,/3Fe;04 sample shows increased magnetization from 66.5+0.3
emu/g at 300 K to 84.4+0.5 emu/g at 4 K. The Brunauer-Emmet-Teller (BET)
surface area measurements and Barrett-Joyner-Halenda (BJH) measurements of

Ba0,5C00,5FeQO4, Srl/gMH1/3C01/3F6204 and Bal/gMn1/3C01/3F6204 nanoparticle sam-



ples reveal the materials can be classified as mesoporous.

We have also studied electrochemical activities of some of the synthesized sam-
ples which show promise in the fabrication of sensors. Bag5Cogs5FesO4 and
Ba;/3Mn; /3Co0; /3Fe;O4 nanoparticles show excellent electrochemical activity toward
potassium ferricyanide Kj[Fe(CN)g]. Modified electrodes by the nanoparticles in
cyclic voltammetry (CV) have been used to determine trace amounts of ciprofloxacin
(CFX) and didanosine (DDI) drugs. Two additional samples namely Ti 5Nig 5Fe204
nanoparticles and NiO-ZrO, nanocomposite produced by high energy ball milling
were used to produce modified electrodes for CV. The Tiy 5Nig 5FesO4 sample is inter-
esting because single phase forms after about 1.5 hours of milling times and further
milling seems to easily destroy the spinel phase. The NiO-ZrOy nano-composite was
used for sensitive and selective determination of efavirenz, an Anti-HIV Drug. The
critical parameter for electrochemical sensors based on CV appears to be significant
increases in the surface area associated with the nanoparticles used to modify the

glassy carbon electrode.
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Chapter 1

General overview of spinel ferrites

1.1 Ferrites

A ferrite is a ceramic mixed oxide of iron with other metals [1]. The term ”ferrite”
is derived from the latin equivalent ”ferrum” which refers to iron [2, 3]. There are
three different types of ferrites namely spinel, garnet and magnetoplumbite [4, 5, 6].
Spinel ferrites with the general formula AFe,O, (where A is one or more of divalent
elements such as Co, Mg, Zn, Mn, Ni, Sr or Ba) are considered to be important
materials for applications purposes due to their interesting properties [7, 8, 9, 10].
Some of these properties include large surface to volume ratio [11], high values
of electrical resistivity, high saturation magnetization, high permeability, low eddy
current and dielectric losses [12], high specific heat capacity and large expansion
coefficient [13]. The properties of spinel ferrites depend critically on the chemical
composition, cation distribution and methods of preparation [14]. Many scientists
and engineers have been attracted to the study of these types of magnetic materials
because of the wide range of possible applications [15, 16] such as in sensors [17],
catalysis [18], magnetocaloric refrigeration [19], microwave protection, information
storage systems and biomedical (drug delivery and cancer treatment) [20], high
frequency noise filters, transformer cores in power supplies, magnets for loudspeakers

and motors [6, 21].



1.2 Spinel structure

The spinel structure has the space group of Fd3m [22]. Tts chemical formula is of the
form AB504, where A and B are metallic elements at tetrahedral and octahedral
sites. The mineral MgAl,O4 which crystallizes in a cubic structure was the first
spinel compound discovered by Bragg and Nishikawa [23]. The unit cell of a cubic
spinel consists of eight sub-cubes called octants. When the metal ion is surrounded
by four oxygen atoms, the site is referred to as a tetrahedral (A) site. In the
octahedral (B) site the metal ion is surrounded by six oxygen atoms. There are
sixty four tetrahedral sites which can be occupied by divalent elements and thirty
two octahedral sites which can be occupied by trivalent elements [24]. In spinel
ferrites, the trivalent ferric ions can also be replaced partially by tetravalent elements
such as Ti or Ge. In this case, the valency of the ferric ion can be lowered by one

[23]. Figure 1.1 shows the unit cell of a spinel structure [25] .

Figure 1.1: Spinel unit cell crystal structure.

The cation distribution plays an important role in determining the properties

of spinel ferrites. The cations occupy sites where they have higher crystal field



stability energy (CFSE) [26, 27]. The cation distributions lead to different types
of spinel ferrites which can be classified as normal, inverse and mixed spinels. The
cation distribution of a spinel structure can be expressed by the formula (M fiy
Fe¥t)[M2"Fe3* 104, where M is one or more divalent elements [28, 29]. The ions
in the first set of brackets are confined to the tetrahedral sites, while those in the
second are in the octahedral site. The parameter 7 is known as the degree of
inversion. When v = 0, the structure is known as normal spinel. In this case the
divalent elements are located in the A sites only, whereas the trivalent elements are
located in the B site. When v = 1, the divalent elements can occupy half of the B
sites and the trivalent elements can equally occupy both A and B sites [30]. This
structure is known as the inverse spinel. In some cases spinels can be synthesized
with v values between 0 and 1. This intermediate range of v values leads to what are
known as mixed spinels [31]. However, in all cases the spinel structure is expected
to be electrically neutral since the total positive charge (+64 e) balanced by a total
negative charge (-64 e) of the oxygen ions [32].

1.3 Synthesis of ferrites

The synthesis method plays a significant role in determining structural, magnetic
and electrical properties of ferrites [33]. Solid state reaction by ceramic method [34]
and by high energy ball milling [35] are well known conventional methods for the
synthesis of ferrite materials. The starting compounds in these methods are usually
oxides or carbonates. The ceramic method requires a grinding process and double
sintering at a relatively high temperature [36]. Very high temperature sintering can
lead to mass loss by evaporation which may change the final chemical composition
and intrinsic morphology of the final product. Samples synthesized by ceramic
method or high energy ball milling are expected to have a degree of contamination
from wear and tear of the grinding surface in contact with the sample [37, 38]. This
possible contamination can prevent properties of synthesized samples from different
sources to be re-producible. However, there is an advantage in using high energy

ball milling technique because of the possibility of producing large quantities of



synthesized samples for a wide range of materials. The wet chemistry methods
such as hydrothermal [39], glycol-thermal [40], combustion [41] and sol-gel [42, 43,
44] are also widely used to produce better crystalline ferrite materials at relatively
low synthesis temperature. These synthesis methods tend to produce samples with
higher purity, chemical homogeneity with small and uniform particle sizes. In the
sol-gel method aqueous solutions of metal nitrates are mixed with a gelatine agent
(such as polyacrylic acid). Nitric acid can be used in order to adjust the pH of the
mixture. The final solution needs to be heated up to evaporate the water. The
final gel is calcined at relatively low temperatures [45]. The synthesis of ferrite
materials by combustion method requires dissolving of metal nitrate precursors in
a urea-water solution [46]. The mixture is heated up until self-ignition starts. The
urea in this case acts as a fuel. This synthesis method is usually accompanied with
large quantity of smoke. Therefore the synthesis has to be performed under a fume
cupboard. The method is considered to be simple and is a quick synthesis technique.
The glycol-thermal method is considered to be a suitable technique for the synthesis
of nanoferrites at relatively high pressure and low reaction temperature [40]. Metal
chlorides or nitrates are used as starting materials in this method. This technique
provides nanoparticles with well defined crystalline structure with relatively small
particle sizes. The method has been used to produce most of the samples studied in
this thesis. A detailed discussion of the glycol-thermal technique is given in chapter

3.

1.4 Magnetic properties

The magnetization of sample arises mainly from magnetic moments of unpaired
electron spins in incompletely filled shells of atoms. For spinel oxides the magnetic
properties are due to the difference in the magnetic moments of the cations in the
sub-lattices (A- and B-sites). The magnetization of spinel ferrites materials can be
expressed as M = Mg — My, where Mg and M 4 are the magnetizations of the
octahedral (B) and tetrahedral (A) sites respectively [47]. In spinel ferrites, the in-

teraction between the moments are usually mediated by oxygen ions. This is known



as super-exchange interaction [48]. Three types of super-exchange interactions can
be identified namely Jap (A-O-B), J4a (A-O-A) and Jpp (B-O-B). The strongest
exchange interaction is J 45 for closely interacting cations with bond angle of 180°.
The Jpp interaction is weaker followed by Ja4 [32]. The measuring temperature
plays an important role in determining the magnetization of a sample since the
spin configuration can be frozen at low temperatures [49]. Evidence of spin freezing
can be seen from either zero-field-cooled (ZFC) and field-cooled (FC) magnetization
measurements or from the distortion of magnetic hysteresis loops at low temper-
atures. This can lead to significant changes in magnetization [50]. Furthermore,
surface spins may also contribute to increasing the magnetic coercive fields at low
temperatures [51]. The reduction in the particle sizes to nanoscale also reveals sig-
nificant difference in the magnetic properties compared to bulk materials [52]. The
magnetization increase drastically at nanoscale when the materials change from the
so-called multi-domain to single domain structure [53]. The domain formation and

its effect on magnetic properties are discussed in chapter 2.

1.5 Applications of ferrite materials

Technologically, ferrites are well known important materials due to their proper-
ties such as high magnetic permeability and low core energy loss [54]. NiFe,O4
spinel materials for example possess high saturation magnetization [55], low mag-
netic coercivity, chemical stability and excellent electrochemical performance [56].
CoFe, 04 ferrites have also attracted the interest of many researchers due to their
high coercivity, moderate saturation magnetization, chemical stability, mechanical
hardness, large magnetocrystalline anisotropy and magnetostrictive coefficient [57].
These properties make CoFe,O,4 an excellent candidate for many technological appli-
cations such as magneto-optic recording medium, high density data storage devices,
stress sensor and microwave absorption [58,; 59, 60]. MnFe,Oy is also considered an
important material for many application such as microwave applications and elec-
tronic devices because of its magnetic permeability and electrical resistivity [61].

The normal spinel MgFe,O,4 ferrite is known to be a soft magnetic material with



n-type semiconductor properties [62]. Magnesium ferrite is also used in different ap-
plications such as in heterogeneous catalysis, adsorption, sensors and high-density
recording media [63]. MgFe;O4 plays a role in microwave technology as a phase
shifter, isolator and circulator [64]. Ferrites materials also used in biomedical appli-
cation such as in hyperthermic cancer treatment as thermoseeds [65]. The ferrites
can be targeted and be confined only to the infected sites without damaging the
healthy cells. Generally, spinel ferrites (XFe,O4, X = Mn?", Fe?* Co**, Ni**) can
be used as magnetic resonance imaging (MRI) contrast agents [66]. However, for
bio-compatibility it is necessary that the ferrite samples should have high satura-
tion magnetization, particles size less than 100 nm and narrow particle distributions
[67]. The nanoparticles also need to be coated by suitable surface coating materials
such as starch, chitosan, alginate, dextran, and polyethylene-glycol in order to avoid

toxicity [68].

1.6 Electrochemical sensors

Magnetic nanoparticle materials are popular to study because they are used in many
applications such as biosensors [66], drug delivery [69, 70] and detection of DNA hy-
bridization [71]. For example, Ya et al. [72] have reported a novel electrochemical
sensor for sensitive determination of paracetamol based on LaNig 5Tiy503/CoFesOy
nanoparticles. Wang et al. [73, 74] have incorporated magnetic nanoparticles to
DNA molecules in order to investigate the electron transfer reactions. Chen et al.
[75] have reported a biosensor for the reduction of HyO5 based on Fe3O,4 nanoparti-
cles. Some more recent the interests also include the determination of drugs in phar-
maceutical dosages and in biological fluids using electrochemical sensors [76, 77].
The analysis of biological fluids like blood and urine can therefore be preformed
more reliably. This is important in arriving at accurate diagnosis and management
of several human disorders.

Electrochemistry is the branch of science that encompasses the interrelation of
electrical and chemical effects. It involve several disciplines [78, 79, 80]. It deals with

electron-transfer processes, analysis of oxidation-reduction reactions in chemical and



biological systems, catalysis and quantitative measurements of specimens under in-
vestigation [81, 82, 83, 84]. Identification and determination of trace amounts of con-
centrations of an electroactive specimen by electrochemical sensors are now widely
used due to their simplicity, faster response, good detectability and relatively low
cost compared to other sensors [85]. Electrochemical sensors have many advantages
such as good performance in electrolyte sensing, compactness, large dynamic range,
high sensitivity and small power requirements [86].

Electrochemistry at solid electrodes is now well-known [87, 88]. The use of
chemically modified electrodes has led to the production of other types of electrode
systems. This is usually achieved by incorporating an appropriate surface modifier
to the electrode. The research on chemically modified electrodes has attracted a
lot of interest due to potential applications to electrocatalysis, electrosynthesis and
photosensitization [89]. Electrode modification with catalytically active molecules is
an active field of research. The electrocatalytic property is considered to be one of
the significant features of chemically modified electrodes because of the accelerated
transfer of analyte electrons induced by immobilized charge mediators witch now
often involve nanoparticles.

Some reviews in the fields of biosensors and electrochemical sensors show that
nanomaterials can be used in the modification of electrodes [90, 91]. The intro-
duction of nanoparticles with catalytic properties into electrochemical sensors and
biosensors are expected to decrease overpotentials of many analytically important
electrochemical reactions, and may cause reversibility of some redox reactions which
normally are irreversible at common unmodified electrodes [92]. The simplicity of
synthesis and functionalization of nanoparticles makes them suitable for the devel-
opment and optimization of modified electrodes with specific detection of molecules

of particular biological interest [93, 94, 95].

1.7 Motivation of the current work

Several researchers have channeled their efforts to improve and optimize the prop-

erties of spinel ferrites [96], [97], [98]. This includes substituting ferrites by various



cations with different valence states and also selecting suitable synthesis techniques.
Furthermore, the particle sizes and mono-dispersity of the nanoparticles play signif-
icant roles in determining their properties. Among ferrite materials, spinel cobalt
ferrite possesses interesting properties which make it a very important system to
study. Although this compound has been extensively studied, there are still many
other possible substitutions that have not yet been investigated. The present study
of spinel cobalt ferrite-based nanoparticles is a contribution to this effort. The in-
tention is to explore novel nanomaterials and provide better explanation for their
properties. This kind of study we believe may lead to a better understanding of
nanoparticle materials and possible applications. Therefore, we have concentrated
on systematic substitutions of Mg, Sr, and Mn into spinel Co-based ferrites. The
study comprises of synthesis, structural, magnetic and electrochemical applications
of some synthesized nanoparticles.

Double substitutions by equal atomic proportions of elements A and B in the
form of compounds of the type AgsBosFesO4 are common. However, some possible
substitutions have yet to be investigated.

Among some of the materials synthesized and studied in the present work in-
clude Bag5CogsFesO4. We have now extended the substitutions to three elements
in equal atomic proportions. Therefore, we have synthesized and investigated struc-
tural and magnetic properties of (Sr, Ba);/3sMn;/3Co;/3Fe;04 ferrite nanoparticles
and Mg, Sr,Mn,Co;_3,Fe;O4 because properties of such compounds tend differ sig-
nificantly from those of either AFe,O4 or BFe;O4. The synthesis of these compound
was successfully achieved by glycol-thermal method. We have extended our in-
vestigation to include the effect of thermal annealing on structural and magnetic
properties of this synthesized nanoparticles. The measuring temperature also plays
an important role in determining the magnetic properties so magnetization mea-
surements will be reported from about 2 K to 300 K to take advantage of the mini
cryogen free measured system acquired in 2013.

In research of nanomaterials, phase formation sometimes is a challenge and re-
quired relatively long time. Therefore, finding a nanocompound has good properties

and can easily form well defined crystal structure is interesting to investigate because



of reduction in costs and efforts. In this respect, we have synthesized nanomate-
rial of TiO and NiO into ferrite spinel structure. The synthesis was achieved by
high energy ball milling for milling time of about 90 minutes. The study includes
structure, magnetic and electrochemical activity of the synthesized Tig5Nig5FesOy
nanoparticles.

There is currently a lot of interest in the development and optimization of elec-
trochemical sensors used in a cyclic voltammetry cell for detection of drugs. We
have modified glassy carbon electrode (GCEs) by some nanoparticles samples in
this study and find good electrochemical response towards potassium ferricyanide
K3[Fe(CN)g]. We have used successfully modified GCEs by Bags5Cog5FesO4 and
Ba;/3Mn, /3C0;/3Fe;O4 nanoparticles in the sensing of ciprofloxacin and didanosine
drugs, respectively. In addition we synthesized a NiO-ZrOy nanocomposite by high
energy ball milling. The intention was to use NiO supported ZrOs; to enhance
the current peak of the modified GCE. This is because the synthesized NiO-ZrO,
nanocomposite tends to be a good conducting compound. Cyclic voltammetry mea-
surements in this case show high sensitivity, selectivity and a low detection limit of

the modified GCE\NiO-ZrO, nanocomposite towards Efavirenz an HIV drugs.

1.8 Thesis outline

This thesis consists of 10 chapters. In this chapter we have provided a brief introduc-
tion to the structure, synthesis and magnetic properties of spinel nanoferrites. The
possible uses of nanoparticles as electrochemical sensors and a motivation for the
present work has also been provided. In chapter 2 we introduce the fundamentals of
magnetic properties of solids. Chapter 3 is concerned with principles of Mossbauer
spectroscopy. The experimental techniques relevant to the present work are given in
chapter 4. The results and discussion of the synthesized compounds are presented
in chapters 5 to 9. Chapter 10 is reserved for general conclusions derived from the

thesis.



Chapter 2

Basic principles of magnetism in

solids

2.1 Historical background of magnetism

Magnetism has been known since the ancient Greeks, Chinese and pre-Columbus
Americans [99, 100, 101]. The word magnetism itself comes from Magnesia, a region
in Macedonia. An early magnet was a natural mineral called lodestone, now known
as magnetite (Fe3O,4) [102, 103]. The first magnetic device called the South Pointer
used for navigation, had a centrepiece made from lodestone which was carved into the
shape of a Chinese spoon. The magnetic effect of lodestone enabled the construction
of compasses which were widely used for navigation by ancient Chinese, Arabs and
later by Portuguese mariners. The force of attraction of magnets initially intrigued
people and was associate with mysterious powers. In the middle ages (around the
10" century) the lodestone was believed to have the power to heal people from
muscle spasms and gout. The ancient Greeks also believed that a magnet possessed
a soul because of its ability to move iron pieces. William Gilbert who published the
book entitled De Magnete in 1600, was the first scientist to consider the earth as a

massive magnet and to provide a credible explanation for magnetism [104].
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2.2  Origin of magnetism

It is now well known that magnetic fields arise whenever electric charges move. In
atoms, the origin of magnetism is due to the orbital and spin angular momenta of
its electrons [104]. The contribution of orbital movement to the atomic magnetic

moment can be derived similarly to an electrical circuit as

—ewnr?  —ewr?

 Ier? _ 2.2.1
2] r o 2 ) ( )

where [ is the current, p; is the orbital magnetic moment, e is the electronic charge,
w is the angular frequency and r is the radius of the electron orbit. The magnitude

of the orbital angular momentum m of an electron with the mass m, is given by

1] = mewr?. (2.2.2)

Hence, its orbital magnetic moment /i; can be written as

—e -

I (2.2.3)

= 2me

Figure 2.1 illustrates the orbital moment fi; of an electron [104]. Similarly the
magnetic moment due to intrinsic spin angular momentum of an electron § is given
by

— —€ —

=% 2.9.4
fis = -8 (2.2.4)

It is known from Quantum Mechanics that the z-component of the angular momenta

of [ and § are quantized. This leads to

eh
wy, = _2meml = —ugmy (2.2.5)
and
h
s, = —e—ms = —2upm; (2.2.6)
m

e

where the magnetic quantum numbers m; and my take specific values namely m; =

1
0, £1, £2, £3, .... and m,; =

1
5 T3 respectively. The natural unit for magnetic
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moment is the Bohr magneton pp which is defined as

B eh
- 2m,’

Uwp (2.2.7)

h
where A = o is the reduced Planck’s constant. The total magnetic moment of an
v

atom can be calculated by using the Russell-Saunders coupling scheme and Hund’s
rules [105].

A >
u

[

v

Figure 2.1: Orbital moment. The electron moves in a circular orbit where its quan-

tized angular momentum [ and magnetic moment /i are oppositely directed.

In this scheme the orbital momenta of all the electrons couple together to form the

total orbital momentum

L=>1I. (2.2.8)

The spins are also assumed to couple together to give the total spin momentum

§=> 5. (2.2.9)

Finally through spin-orbit coupling, Sand L couple together to form total

12



J=L+S5. (2.2.10)

This leads to the total magnetic moment of an atom in the direction of J to be

expressed in the form

fiy =—gugd, (2.2.11)

where ¢ is known as the Landé g-factor which can easily be deduced to be

JJ+1)+S(S+1)— L(L+1)
2J(J+1) '

Magnetic moments are significant in elements with incomplete 3d and 4f shells. This

g=1+ (2.2.12)

is typically the case in transition metals and rare earth elements.

2.2.1 Magnetization

The magnetization M is defined as the total magnetic moment per unit volume
usually measured under the influence of an external magnetic field [104]. For a

homogeneously magnetised isotropic sample of volume V' it is expressed as

M==> . (2.2.13)

In a non-homogeneous system the magnetization can be expressed as

N
M = .
— dv

(2.2.14)

The equations 2.2.13 and 2.2.14 both show the volume dependence of the magneti-
zation. The magnetostriction and thermal expansion effects can change the volume

of a sample. In this case the magnetization per unit mass

T
5= — E 1, 2.2.15
“Tm i=1 8 ( )
is more reliable. The ratio between magnetization of a sample M to a magnetic field

By is called the magnetic susceptibility x of a sample and can be expressed as
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M

= lUg— 2.2.16
X MOBO’ ( )

where 1y is the magnetic permeability of free space. x is a useful parameter that

expresses the magnetic response of a sample to an applied magnetic field.

2.3 Classification of magnetic materials

From our previous discussions we can see that magnetization of a sample should
arise due to the presence of magnetic moments and mutual interaction between them.
The arrangement and orientation of magnetic moments can lead to different types of
magnetic order in materials such as diamagnetism, paramagnetism, ferromagnetism,

antiferromagnetism and ferrimagnetism to name a few.

2.3.1 Diamagnetism

Diamagnetism is a weak phenomena that occurs in all materials. Other magnetic
effects may dominate and suppress diamagnetism in a sample. The induced mag-
netization in diamagnetic materials opposes the external magnetic field. The dia-
magnetic effect is associated with induced magnetic moments. This effect is small
and gives a negative value of the magnetic susceptibility y [106]. The magnetic

susceptibility for the diamgnetic materials [107] can be expressed as

Z
X = —uon;; Z <>, (2.3.1)
where Z is the atomic number, r; are the orbital radii of the electrons and n is the
number of atoms per unit volume. Possible applications of diamagnetic materials
include magnetic field induced alignment of liquid crystals [108]. This can be used to
align mesoporous inorganic samples like silica by filling its pores with liquid crystal
surfactants. Diamagnetic levitation is also possible in the presence of a very strong
applied magnetic field [109]. The magnetization of diamagnetic materials is usually

difficult to observe because the effect tends to be small. The magnetic response of

a diamagnetic material is illustrated in Figure 2.2 [110]. The figure also shows that

14



the magnetic susceptibility x of a diamagnetic material is negative and constant as

a function of temperature.

M X
_l_n A

— H
*-. Slope = X X = Constant

Figure 2.2: Magnetization M dependence on applied magnetic field By and suscep-

tibility y dependence on measuring temperature 7.

2.3.2 Paramagnetism

Randomly oriented magnetic moments are associated with paramagnetic materials.
These types of magnetic materials have permanent magnetic moments. However,
magnetic moments in paramagnets tend to be non-interacting or very weakly inter-
acting. In fact each atom in a paramagnetic material is assumed to act as a small
individual magnet. In the absence of an external magnetic field, a paramagnet
shows no magnetization (Figure 2.3). Applying a magnetic field, orients and aligns
magnetic moments in the external field direction. The magnetization also depends
on temperature. Hence, both external magnetic field and measuring temperature
are important factors in determining the magnetization of a paramagnetic material
[111].

The classical approach for paramagnetism was derived by Paul Langevin in 1905.
This approach considers the non-interacting magnetic moments. The magnetization

depends on the external field By and the angle # of a moment with respect to the
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Figure 2.3: Magnetic moments of a paramagnetic material.

direction of By [104]. The quantum approach takes into account quantized orbits
and spin contributions to the magnetic moment. The magnetization in this case is
described by the Brillouin function instead of the Langevin function. The magnetic

energy F,,, of each magnetic moment in a magnetic field B is given as

Ey, = —4i7.By = —gpupmy By, (2.3.2)

where m ; is the magnetic quantum number. The thermal average of each magnetic

moment < p;> can be described as

< py>=Y gmyupP(Ey,), (2.3.3)

where P(F,,,) is the occupation probability of the energy level F,,, which is defined

based on the Maxwell-Boltzmann distribution

o—Em; /ksT
Smge T

where kp is the Boltzmann constant. The magnetization for n atoms per unit

P(En,;)

(2.3.4)

volume can easily be deduced to be

M =ngupJF(J, ), (2.3.5)
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where = represents the ratio of the Zeeman energy to the thermal energy

gisJ Bo
= —. 2.3.
x T (2.3.6)
The Brillouin function F(Jx) is expressed as
2J+1 (2J + 1)z 1 T
F = h| ——=——— ) — —coth (—) . 2.3.
(J,x) 57 cot ( 57 ) 2Jcot 57 (2.3.7)

1
In the case of J = 27 the magnetization per unit volume for the system with m; =

1
iﬁ is given by

M = ngugJtanh x. (2.3.8)

For several experimental situations, the Brillouin function can be approximated by

the Taylor series as follows

F(J,2) ~ (%) .- (U i 1)[50;2”2 * J2> P (23.)

In relatively low magnetic fields and at high temperatures (small value of z), F'(J, ) ~
J+1

3J

x. This leads to the Curie law for susceptibility

i 2.3.10
X =7 ( )

where C' is known as the Curie constant expressed as

npog* g J(J + 1)
3kx '

The Curie law for non-interacting magnetic moments shows a magnetic susceptibility

C = (2.3.11)

that depends inversely on temperature. This law is applicable in several rare earth
compounds and diluted salts of transition metals. In materials where the interaction
between magnetic moments cannot be ignored, the Curie law is replaced by the

Curie-Weiss law where

e
T —6p

In this case, 6p is called the paramagnetic Curie temperature.

X (2.3.12)
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2.3.3 Ferromagnetism

Ferromagnetic materials are associated with spontaneous parallel alignment of mag-
netic moments. This is associated with strong interaction between magnetic mo-
ments via exchange interactions. In ferromagnets, the exchange interaction is pos-
itive. The perfect alignment of magnetic moments (Figure 2.4) is presumed at T
= 0 K. As the temperature increases, the interaction between magnetic moments
is overcome by thermal energy which leads to the disorder of magnetic moments.
The collapse of the ferromagnet order occurs at the so-called Curie temperature T'¢
[112]. The magnetic moments of a ferromagnetic material stay ordered below T'¢

and above T Curie-Weiss law is observed.

Figure 2.4: Magnetic moments of a ferromagnetic material at 7" = 0 K.

In order to account for the origin of ferromagnetism, in 1907, Weiss proposed
an internal magnetic field B;, which could be responsible for aligning magnetic
moments. In the so-called mean field theory approximation, the internal field is

assumed to be

Bin = AMs, (2.3.13)

where A is the molecular field coefficient. Justification for this theory was provided

by Heisenberg in 1928 [104] who introduced the idea of exchange interactions to
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account for the alignment of magnetic moments. In the presence of an external
magnetic field By the effective magnetic field on a magnetic moment in a sample

can be expressed as

Bejs = By + \Ms. (2.3.14)

We can now generalise equations 2.3.5 and 2.3.6 for paramagnetism to induced an
internal field. Hence, for a system consisting of n magnetic atoms or ions per unit

volume the spontaneous magnetization can be given by

Ms(By,T) = ngJugF(J, ), (2.3.15)

where z is redefined as

- g,uBJ(BO + )\Ms)
kgT

In this case, the spontaneous magnetization would still exist even in absence of

. (2.3.16)

external magnetic field to give

Mg(0,T) = Ms(0,0)F(J, z), (2.3.17)

where M (0,0) is the saturation magnetization. The reduced magnetization can be

expressed as

Ms(0.7) _ M(T)
MS(Ov 0) MS(O)

= F(J,x). (2.3.18)
From equation 2.3.16 the reduced magnetization can also be expressed as
Ms(T) kgT

Mg(0)  “ng*ug2A\J?
Figure 2.5 displays the graphical solutions to equations 2.3.18 and 2.3.19 [113]. The

). (2.3.19)

straight lines show the magnetization as a function of temperature. However, the
last possible solution at the intersection point (7' = T'¢) leads to zero magnetization.
The point of intersection between the two curves corresponds to a possible magnetic

state of a sample. At T' = T¢ the intersection occurs only at the origin for which
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Mgs(Te) = 0. The temperature T is called the Curie temperature of the sample.
Through this point, the sample transforms from ordered to disordered magnetic

1
J;:] x. The

tangent to the curve for equation 2.3.18 is the same as the slope of equation 2.3.19.

state. Near T the Brillouin function is approximately F(J,x) ~

Hence we can easily show that

3kpTe

= . 2.3.20
nJ(J +1)g*u ( )
If T is known we can easily estimate A from this equation.
M(T)/M,(0)
=1
I>% (equation 2.3.18)
[ R Ll SRR S
(equation 2.3.19)
r X
0
Figure 2.5: Graphical solution of equations 2.3.18 and 2.3.19.
At low temperatures z > 1 the Brillouin function is approximately
F(Ix) ~ 1 — 2eap(—4) (2.3.21)
r)~1——exp(——). 3.
’ TP
In this case we expect the spontaneous magnetization to vary as
Ms(T) 1 B
~1l——= —= 2.3.22
o <L e (23.22)



where the parameter § is a constant. What is observed at low temperature is a

magnetization that varies according to spin wave excitations given by

Ms(T)

=1—AT3? + . 2.3.23
Ms(0) ( )

However, The temperature dependence of the magnetization that tends to be ob-

served over a wide temperature range has the form [114]

Ms(T) _(, T :
e = (1 Tc) . (2.3.24)

Above T¢ we can easily deduce the Curie-Weiss law for the paramagnetic suscepti-

bility (equation 2.3.12). Experimentally, for many magnetic materials, we find 6p

> Te.

2.3.4 Antiferromagnetism

Antiferromagnetic materials have equal anti-parallel magnetic moments (see Fig-
ure 2.6). This arrangement of magnetic moments leads to zero net magnetization
in the absence of an applied magnetic field. This arrangement of the magnetic mo-
ments is associated with negative exchange interactions. In this case, the alignment
occurs below the so-called Néel temperature Tyy. Antiferromagnetic materials can
be modelled on the basis of a two sublattice model A and B with saturation magne-
tization My and Mp respectively in opposite directions. At 0 K, the sublattices will
have maximum values of saturation magnetizations. The magnetization decreases
as the temperature increases. At T < Ty, the saturation magnetization is due to the
negative interaction between the two sublattices. However, above the Néel temper-
ature, the magnetic moments in sublattices become disordered and show evidence
of the paramagnetic state.

Similar to ferromagnetic materials, the mean field theory can be applied to anti-
ferromagnetic materials. The interaction between first and second nearest neighbour

magnetic moments creates an internal magnetic field Bj;, in the sublattices

Bjy = AaaMa+ AapMp, (2.3.25)
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Figure 2.6: Magnetic moments of an antiferromagnetic material.

and

B} = ApaMa + AppMsp, (2.3.26)

where Asp and Ag, are the molecular field coefficients of first neighbours. Whilst
Aaa and Agp are the molecular field coefficients of second nearest neighbours. Hence

we can expect

Aap = Apa = —Ad, (2.3.27)

and

Aaa = App = As, (2.3.28)

where \; and Ay are constants. Therefore, equation 2.3.25 and equation 2.3.26 can

be written as

B = M\ — \), (2.3.29)

and

BB = Mg\ — )o). (2.3.30)

22



The magnetization in the subalttices can be determined to be

_ ngupJB

M;
2

F(J,x), (2.3.31)

where 7 represents the sublattice A or B and

gupJBin
T =
kT

Below Ty and in the absence of an applied magnetic field the magnetization of an

(2.3.32)

antiferromagetic material is given by

My + Mg = 0. (2.3.33)

Therefore, we may rewrite equation 2.3.32 as

JgﬁbB)\M

Jgpp =
T = Gpr V17N kT (2:3.34)
where A = A\; — \y. The magnetization at sublattices can be expressed as
Mi(T) = = gupJF(J, ). (2.3.35)

2

The magnetization becomes zero at T' = T y. Hence we can easily show that

ng*ppJ(J +1)
2kppo

Ty = Al (2.3.36)

Above Ty the susceptibility of an antiferromagnetic material can be expressed in

the form of Curie-Weiss law

C

= — 2.3.
— (23:37)

X

where the paramagnetic Curie temperature fp is negative. Below Ty the sample
can respond to an applied magnetic field. However, the direction of the applied
magnetic field plays a significant role in determining the resulting magnetization.
This leads to parallel and perpendicular susceptibilities x| and x| respectively. The
average total magnetic susceptibility for a poly-crystalline sample can be shown to

be [104]
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1 2
— - Syl 2.3.38
X=X+ 3X1 ( )

2.3.5 Ferrimagnetism

Ferrimagnetism is associated with unequal magnetic moments that align in anti-
parallel directions [115, 112]. This leads to a net magnetization similar to a fer-
romagnet. Figure 2.7 shows a typical spin alignment for a ferrimagnetic material.
Brilliouin function can be also used to calculate magnetization at each sublattice A

or B. The net magnetization can be modelled in general as

M= Mj—(1-\)Mp, (2.3.39)

where M, # Mp the magnetization for a ferrimagnet. The value of A decides the
magnetic order of a material. Equation 2.3.39 can be used to model ferromagnetism

and antiferromagnetism depend on the choice of A and relative sizes of M4 and Mp.

Figure 2.7: Magnetic moments of a ferrimagnetic material.

A ferrimagnet will therefore have a Curie temperature Ty and spontaneous mag-
netization below T-. However in some cases, the magnetization becomes zero at a
critical temperature known as a compensation temperature 7 .om, (see Figure 2.8

[104)).
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Figure 2.8: Sublattice magnetization of a ferrimagnetic material.

The susceptibility x of a ferrimagnetic material above T follows a modified form
of the Curie-Weiss law which can take the form
1 T —0p C’

= eTe T (2.3.40)

where Cy, Cg, C' and ¢ are the microscopic parameters of a ferrimagnetic material.

2.4 Magnetic exchange interactions

The origin of ferromagnetic, antiferromagnetic and ferrimagnetic ordering is there-
fore due to the magnetic exchange interaction as proposed in the Heisenberg model
[116]. In general, magnetic interactions can be classified into dipole-dipole and ex-
change interactions. Dipole-dipole interaction leads to small magnetic ordering of
magnetic moments. Whereas, exchange interactions are responsible for significant
ordering of magnetic moments. There are two types of exchange interactions namely

direct and indirect exchange interactions.
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2.4.1 Dipole-dipole interaction

The interaction energy (E;) between two magnetic dipoles j; and g depends on

the distance between them. This can be expressed as

3

/’LO — — - = - =
B = 25 (i S5, 241

We can estimate the strength of the magnetic dipole interaction from equation 2.4.1
by assuming two identical magnetic moments pp separated by a ~ 8 A in nanofer-

rites. Therefore,

|Ey| ~ ~ 3 x 107%]. (2.4.2)

[0l
2 3
Hence the magnetic interactions energy Fy ~ 3 x 1072* J per atom. The magnetic
ordering in ferromagnetic materials is destroyed at the Curie temperature T ~ 102
K. A measure of the strength of magnetic interaction is thermal energy kgTo ~

1 x 1072 J. Clearly E; < kgTc. Hence dipole-dipole interactions can not be

responsible for collinear arrangement of magnetic moments.

2.4.2 Direct exchange interaction

In the case of magnetic atoms that are close to each other, the interaction between
magnetic moments can occur through partially overlapping localised atomic orbitals.
This is known as direct exchange interaction. It is an electrostatic effect based on
Coulomb interaction and Pauli exclusion principle. We can illustrate the origin of
direct exchange interaction by considering the interaction of two electrons that are
being shared by two covalently bounded atoms A and B. The total wave function
for the two electrons has to be antisymmetric because electrons are fermions. The
total wave function consists of the singlet (1) state and triplet (i) states defined

by

s = [pa(D)Yp(2) + va(2)vp(1)][a(1)5(2) — a(2)5(1)] (2.4.3)

and
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Yr = [Ya(D)¥p(2) —va2)v(1)] = { B(1)5(2) (2.4.4)
a(1)8(2) + (2)5(1)
where a and § denote spin-up (m, = —%) and spin-down (m, = %) states. 14

and 1p are spatial wave functions for each atom. Equations 2.4.3 and 2.4.4 have
different spatial wave functions and hence have different energies. The energies of

the two possible situations can be obtained from the Hamiltonian H as

Eg = / Wi Hipgdr dry (2.4.5)

and

Er = / Wi Hoppdrydr,. (2.4.6)

Hence the energy difference can be expressed as

Bs— =2 [ dmdrz[wzu)wg@)wﬁ,rwA(z)wBu) —og, (24)

where V(r1,73) is the electrostatic potential energy between the electrons. Jio is
known as the exchange integral. If J15 > 0, Er will be the preferred energy (Fg >
Er). This means that spins between the two electrons prefer to be parallel to each
other as in ferromagnetic alignment. In the case of J15 < 0, Eg will be the preferred
energy (Es < E7). This implies anti-parallel spin alignment (antiferromagnetic
coupling). In general for several spin 52-, the energy of interaction between spins can

be expressed by the Heisenberg Hamiltonian

Hp=—YJ;5.5 (2.4.8)

For a bound state of spins, Hg < 0. If J;; > 0, the minimum energy occurs for
parallel spins (ferromagnetism), while for J;; < 0, the minimum energy occurs for

antiparallel spins (anti-ferromagnetism). By using the Heisenberg model, the mean

27



field theory can easily be justified. This is achieved by replacing the spins and Hg

by their thermal averages as

< Hg> = —QZJZ-]-< Si>.< S;>. (2.4.9)
1>1

For a large number of atoms n per unit volume, the magnetization can be related

to the thermal average of the spins where

M; = ngug< Si>. (2.4.10)

Equations 2.4.10 can therefore be rewritten as

2J1Mz - -
< Hg>=-)_ <n2g]2,u2 ) M; = —Bjy. M. (2.4.11)
i>1 B

For a homogeneously magnetized sample M, = ]\7[]- = M. Biy is an internal mag-

netic field assumed to exist which can be defined as

- 2.J.. . .
Bint = (Z Ji ).M = \M (2.4.12)

i>1 g%,
where A is the molecular field constant. This confirms the mean field theory on the

basis of the Heisenberg model.

2.4.3 Indirect exchange interaction

In the case of magnetic moments that are far from each other, interaction between
them can occur through intermediary atoms or electrons. This is known as an
indirect interaction. If the intermediary is a non-magnetic ion the coupling is called
super-exchange interaction. The indirect exchange interaction can also be mediated
by the polarization of conduction electrons. This is called the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. The exchange integral J.;¢(x) in this case is
long ranged and is an oscillatory function of distance x between spins. A typical
form of the effective exchange integral J.rs(z) is illustrated in Figure 2.9 [104]. The

ferromagnetic or antiferromagnetic depends on the sign of J.ys.

28



eff

Ferromagnetic coupling

Antiferromagnetic coupling

Figure 2.9: Variation of the effective exchange integral as a function of distance

between the ions.

2.5 Spin waves

The mean field theory predicts a wrong temperature dependence of the magnetisa-
tion at low temperature as expressed by equations 2.3.22 and 2.3.23. The observed
decrease in the spontaneous magnetization with increase in temperature is assumed
to occur due to the excitation of spin waves. At T' = 0 K, we assume a perfect
alignment of spins 1 ... M. For T > 0 K, the first excited spin align-
ment can not be approximated by a reversal of a single spin ™11/ 1111 because
this involves significant increase in energy. Experimental results are consistent with
gradual spin reversals which have characteristics of waves [117]. Spin waves are
quantized spin fluctuations similar to photons or phonons. The quantized spin fluc-
tuations are called magnons. The temperature dependence of the magnetization at

low temperature (T' < T¢) due to spin waves excitations can be shown to be
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M(T) = Mg(0)(1 — AT/ — CT* — ). (2.5.1)

where A and C are the crystal structure parameters [118]. From equation 2.5.1 we

can deduce the Bloch 7%/? law. A modified Bloch’s law given by

- - ()]

is sometimes used to fit the experimental data with T and [ as adjustable param-

eters [119].

2.6 Magnetic domain

In 1907, P. Weiss proposed that ordered spins can form in different regions known
as magnetic domains [120]. Figure 2.10 shows different regions of ordered spins in
a magnetic sample [23]). The magnetic domains are separated from each other by
the so-called domain walls (see Figure 2.11). This involves gradual reversal of the
direction of the magnetic moments between two domains. The characteristics of
domain walls was first studied by Bloch, Landau and Néel [121]. A Bloch’s wall is
associated with spins that rotate in parallel to the plane of the wall. A Néel’s wall

is associated with spins that rotate perpendicular to the plane of the wall [122].

Figure 2.10: Magnetic domains of a ferromagnetic material.
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Figure 2.11: Domain wall of a ferromagnet

The formation of magnetic domains is intended to reduce the magnetostatic
energy [123]. The discontinuity at the surface of the normal component of magne-

tization creates free poles. This leads to a demagnetization field given by

— — b —
Bp =DM ~ 711, (2.6.1)

where D is the demagnetization factor, b and [ are the sample’s breadth and length

respectively. The internal field producing the magnetization is given by

éinternal - EO - DM (262)

The magnetic energy can be expressed as

1 — - — —
Um = _§Binternal-M - BOM (263)

In the absence of an applied field, the magnetic energy still exists and is given by

the self-energy
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1
Us = 5DMg, (2.6.4)

where Ug is known as the magnetostatic self-energy which is the energy that needs
to be minimised for domain to form. The transition from one domain to another
through a domain wall occurs by spin flips from directions of easy magnetization.
A sudden spin reversal in one step increases the exchange energy by 4 .JyS? per
atom at the boundary [124]. This is a much larger increase of the exchange energy
JoS?*7% /N for N steps. Therefore, the total wall exchange energy density of the wall
per unit area is given by

7T2J052
Opx — N—aQ’ (265)

where a is the lattice parameter. As a result of spin-orbital interaction, magnetic mo-
ments prefer to align towards particular directions known as easy axes. The energy
required to flip the spins from their easy axes is known as the magnetocrystalline

anisotropy energy. The anisotropy energy for uniaxial material is given by

Ua = K,V sin6; + Kysin® 6;, (2.6.6)

where 6; is the angle between S5; and the easy axes, V is the volume of the sample
and Kj; is the anisotropy coefficients. K; and K, are temperature dependent and
may also determine if the moments are towards the easy or hard axes [106]. For a
simple cubic system the anisotropy energy per unit area of a wall of length Na is

given by

o, = KiNa. (2.6.7)

The increase in magnetic anisotropy energy leads to decrease in domain wall width
which increases the exchange energy [125]. The domain structure that forms is
intended to minimize both the exchange energy and the anisotropy energy. Below
a certain sample size of a few nanometers known as a critical size D¢, the domain
wall is difficult to form and the sample can acquire a single domain structure [126].

Nanoferrite materials studied in this thesis tend to fall into this category.

32



2.7 Magnetic hysteresis loop

To investigate the magnetic response of a sample, it is usually necessary to be subject
it to an external magnetic field. A typical hysteresis loop is shown in Figure 2.12.
By increasing the external magnetic field, the magnetic moments of a sample can
rotate in order to align in the same direction as the applied field. This process
increases the sample magnetization. If the field is the sample can be demagnetized
by turning the applied field in the opposite direction. The magnetization when the
field is reduced to zero is known as the remanence magnetization M,. The magnetic

field required to demagnetize a magnetic sample is known as the coercive field H¢.

M (emu/g)
A
+M, 3
-H +H
< - H (T
C 0 . ()
E M.
D

Figure 2.12: Hysteresis loop at 4 K for as-prepared Bag ;5Cog 5Fe;O,4 nanoferrite.

The saturation magnetization can be obtained from the empirical formula given

by [127]
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M(H) = Mg(0) (1 ————— > +XH, (2.7.1)

where Y is the high field susceptibility, a and b are constants. For mono-disperse non-
interacting ferri or ferromagnetic ordered particles, the coercive field as a function

of measuring temperature can be expressed as [128]

He(T) = He(0) {1 . (%ﬂ (2.7.2)

where Hg(0) is the coercive field at T'= 0 K and Tj is a constant.
The constant « takes the value of 1/2 for an assembly of aligned particles [128].
However, for randomly oriented particles the coercivity follows a T law as reported

by Pfeiffer [129] where o was found to be 0.77.

2.8 Soft and hard magnetic materials

Magnetic materials can be classified based on their response to an applied magnetic
field into soft and hard magnetic materials (see Figure 2.13). A soft magnetic ma-
terial can easily be magnetized and demagnetized [130]. Furthermore, this type of
magnetic material has excellent efficiency to concentrate and shape the magnetic
flux [131]. The main features of soft magnetic materials include high saturation
magnetization and permeability, low coercive field and low energy losses. These
properties make soft magnetic materials suitable for different applications in mi-
crowave devices, magnetic amplifiers and high frequency devices [132]. A typical
soft magnetic material is NiFe;O4. A magnetic material that does not demagne-
tized easily is known as a hard magnetic material. Such materials are suitable for
permanent magnets because they resist demagnetization. Hard magnetic materi-
als possess high coercive field, high energy product (BH )z, low permeability and
susceptibility. Hard magnetic materials can also be categorized into conventional
materials and high energy materials. Conventional materials have energy product
(BH)paz of 2-80 kJ/m?. A typical examples of conventional materials are steel
magnets, cunife (Cu-Ni-Fe) and hexagonal ferrites (BaO-6Fe;O3). High energy ma-
terials have energy products (B H )q. of about 80 kJ/m?. Typical examples of high
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energy materials are SmCos and NdyFe 4B [133].

M Hard

Soft

Figure 2.13: Soft and hard magnetic materials of Bag4CoggFesO4 and BaFe,Oy

respectively, measured at 2 K in the current work.
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Chapter 3

Mossbauer spectroscopy

In 1958, Roudolf L. Mdssbauer discovered the recoil-free emission of gamma radia-
tion by excited nuclei and its resonant absorption by identical nuclei in their ground
states [134, 135]. The Mdossbauer effect involves the investigation of the interaction
between the nucleus and its local environment through the resonant absorption of
gamma (7) rays. Many isotopes such as *'Fe, ®'Ni, 19Sn, %1 Eu, $'Dy and ''Ir
show the Méssbauer effect [134, 136]. Since a large number of materials in many
applications contain iron, ®"Fe Mossbauer spectroscopy is more widely used. It is
worth mentioning that existence of ®’Fe in any natural material with iron is about
2.12 % [104]. Mossbauer spectroscopy can therefore be used to study properties of

materials in physics, chemistry, biology and earth sciences [134, 137].

3.1 The Principle of the Mossbauer effect

The general idea of 5"Fe Mdssbauer spectroscopy is to relate the energy difference
between the excited and the ground states of 5"Fe nuclei in a substance under in-
vestigation. In a ferromagnetic material, the ground state of 5"Fe splits into two
levels whilst the excited state splits into four levels. This splitting is assumed to
be due to the internal magnetic field that arises in a ferromagnetic ordered sample
containing iron atoms. If the substance is not magnetic the energy levels only shift
without splitting because of the absence of an internal magnetic field. Hence we

expect to see evidence of both splitting and shifting of energy levels to occur. By
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measuring the differences in the energy levels one can obtain information about the
substance that contains °"Fe isotopes. This is achieved by detecting the y-rays that
pass through the material under investigation. The transmitted intensity depends
on the resonant emission and absorption of y-rays. Figure 3.1 shows the emission
of y-rays by a free nucleus and its recoil [136]. The reverse occurs after absorption

of a y—ray.

A

(U aVaVe WaWa W 2

recoil direction nucles of mass M Y - photon energy

Figure 3.1: Recoil energy loss in free Atoms.

Following after emission or absorption of a y—ray, the recoil energy Fg is shown

to be

2
2Mc?’
where ¢ is the speed of light and M is the mass of the nucleus [138]. In Mossbauer

Er

(3.1.1)

spectroscopy a °"Co source provides y—rays. Usually the 5"Co isotopes are doped
into a non-magnetic Rh matrix which ensures only a shift in the energy levels of °"Co
without splitting. If a nucleus that is emitting or absorbing a y—ray is bound in a
crystal lattice, its recoil energy Er will be minimized because M in equation 3.1.1 has
to be replaced by the mass of the entire crystal. Hence the energy difference between
the excited and ground states will be slightly reduced. In Mossbauer spectroscopy,
the source of y—rays is vibrated in a specific way in order to Doppler shift the
energy of the emitted y—rays so that they can match the energy difference between
the excited and ground states. When a source is moving at a velocity v, the emitted

energy of a vy—ray can be Doppler shifted by

SE = E.,°, (3.1.2)
C

where E, is the energy of the y—ray. Hence, in order for the resonant absorption to

take place in an absorber (or sample of interest), we only need to vibrate the y—ray
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source with a maximum velocity of about £10 mm/s. A typical Mdssbauer spectrum
consists of a plot of transmitted intensities through the absorber as a function of
the velocity of the y—ray source. The recoilless fraction of the emitted v—rays from

the source is given by the equation

;o (_E,$< :c2>> (3.13)
= exp —(ﬁc)2 , 1.

where < 22> is the mean square thermal displacement of the emitting nucleus in the
direction of the y—ray [138]. Equation 3.1.3 shows similarity to the Debye model
of a solid [138]. Therefore, we may assume that f follows a similar trend. However,
note that instead of a single vibration frequency of the lattice atoms, the Debye
model assumes a range of possible frequencies from zero up to a maximum cut-off
frequency wp. Hence, based on the Debye model, the recoilless fraction can be

shown to be

2 %
oo D) [
where kg is the Boltzmann constant, v = hw/(kgT) and 0p = hwp/kp is the Debye
temperature. The recoilless fraction f is a temperature dependent parameter based
on equation 3.1.4. At the lowest temperature (7" = 0 K), the recoilless fraction is a
maximum (f = 1) and decreases with increasing 7. When the transition energies of
the emitter and absorber nuclei match exactly, resonant absorption occurs. In this
case the energy difference between the source and absorber can be expressed as

/ /

E’Y = Fecited — Eground = Eexcited - Eground? (315)

where Fegcitea and Fgroung are the excited and ground states respectively. Figure
3.2 illustrates the resonant absorption.
The strength of a Mossbauer signal is associated with the effective thickness t of

the absorber [138]

t = faNno (3.1.6)

where N,, is the number of Mossbauer nuclei per square centimetre, f4 is the Debye
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Figure 3.2: Diagram shows the resonant absorption.

factor of the absorber and o is the resonance cross-section of the Mdssbauer isotope.

For thin absorbers the variation of ¢ with £, is given experimentally by

E _E 27 -1
O-Ea:p(E'y) =0y |:]_ + 4(%-,[10) :| s (317)

where Fq is the nuclear transition energy, I'y and I', are the widths of the resonant

peaks at half maximum of the source and absorber respectively. oy is the total

cross-section area for resonant absorption of y—rays expressed as

_N(+2L,) 1
C2m (1421 (1+¢)

where A is the y—ray wavelength, ¢ is the integral conversion coefficient of the

o (3.1.8)

gamma rays, ., and I, are the nuclear spins for excited and ground states respec-
tively [136].

According to the Heisenberg uncertainly principle, the uncertainty in energy
corresponding to the energy spread I' of gamma rays with nuclear life time 7 is
given by

T~ (3.1.9)

RS

Resonant absorption does not take place if Ex > I'. However, by Doppler shifting
of the y-ray energy resonant absorption can occur. As stated earlier this is achieved
by vibrating the ~-ray source as demonstrated in Figure 3.3 [139].

The radioactive source >’ Co decays to the excited state I, = 5/2 of >"Fe isotope

by nuclear electron capture (EC). This state in not stable and the 5"Fe nucleus can
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subsequently decay directly to the ground state I, of *"Fe with a probability of 9%
or to the excited state I., = 3/2 with probability 91% as shown in Figure 3.4 [140].
The decay from I., = 3/2 to I., = 1/2 produces ~-rays with energies 14.4 keV

which are associated with *"Fe Mossbuer spectroscopy.

L VN ~~~— | detector

\4 v

-y source v absorber

NV

Figure 3.3: Mossbauer spectrum measurement.

57
_ Co
1=17/2

EC
57
F
=502 13632 keV

9% 91%
1=3/2 Y 14.41 keV

I1=1/2 . 0

Figure 3.4: Schematic demonstration of *’Co nuclear decay.
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3.2 Hyperfine interactions

Magnetic and electrostatic interactions between a nucleus and its environment are
known as hyperfine interactions. The energy states of a nucleus can split in the case
of a magnetic environment due to an internal magnetic field. Electrostatic interac-
tions cause energy shifts only in the case of non-magnetic environments. Hyperfine
interactions show the effects of both electronic and magnetic states of a material
such as electron distribution, valence state, defects, internal spin reorientations,
magnetic order, spins configuration, spin transition and magnetic relaxation. This
information can be obtained from the so-called hyperfine parameters such as isomer

shift §, quadrupole splitting A and magnetic hyperfine interactions H.

3.2.1 Isomer shift

The electrostatic interaction between nuclear charge and electronic charge is known
as isomer shift. Nuclei of the same mass and charge but with different nuclear states
are known as isomers, hence the name isomer shift because this effect depends on the
difference in the nuclear radii of the ground and isomeric excited states [140]. Isomer
shift is related to s-electron density due to changes in the valence electrons which
lead to a change in the Coulomb interaction. This causes a shift in the nuclear states
to occur. Figure 3.5 [138], shows centroids of Mossbauer spectra that are shifted

from zero velocity due to isomer shifts.

Transmission

Transmission
5
Transmission

o

'4——>I 4_6_,I -4—>|
0 g 0 g 0 >
Velocity (mm/s) Velocity (mm/s) Velocity (mm/s)

Figure 3.5: Isomer shifts in nuclear states.
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The isomer shift occurs in the absorber energy levels and gives information about
electron distribution, valence state and spin state coordination. In ®"Fe Méssbauer
spectroscopy the isomer shift of values for Fe?" ions are in the range 0.6-1.7 mm/s,
whereas for Fe*™ ions they are in the range 0.1-0.5 mm/s [141]. Isomer shifts are
associated with the electronic charge density [¢/(0)|? at the nucleus [142]. However,
isomers shifts are different for different charge distributions since the radii of the two
charge distributions in the excited and ground states tend to be different. Based on
energy difference between excited and ground states, the isomer shift can be shown

to be

Ze?

0=AF,—AFEg =
A S 1050

O s | (72 - 2). (32.1)
R. and R, are the nuclear radii of ®"Fe in the excited and ground state respectively

and g is the permittivity of free space. The isomer shift can also be expressed by

velocity units usually in mm/s based on equations 3.1.1 and 3.2.1 to give

B Ze%c
- 10 E,

(0% - vs(0] (72 12 (322

3.2.2 Quadrupole splitting

A non-spherical nucleus of charge e with spin I > 1/2 has a quadrupole moment @

which is expressed as

Q- % / p(r) (322 — r2)dr. (3.2.3)

The interaction between @ and electric field gradient (EFG), v E is known as
the quadrupole interaction [140]. Figure 3.6 [138], shows the effect of the elec-
tric quadrupole interaction with the nuclear charge which leads to the so-called
quadrupole splitting in the Mossbauer spectrum.

The quadrupole interaction is given by the Hamiltonian

Ho=Q.VE. (3.2.4)

The eigenvalues of equation 3.2.4 are given by
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Figure 3.6: Effect of the electric quadrupole interaction leads to splitting in

Mossbauer spectrum.
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where V., = dV/0Z? is the principal axis component of the electric field gradient, m;
is the magnetic quantum number and 7 is an asymmetry parameter of the electric

field given by
Vs — V;/y
Vee

In the case of EFG being axial (i.e, V,, = V), n = 0 equation 3.2.5 can be

n= 0<n<1. (3.2.6)

written as

eQVz.

Eg=-—"2"%_
@411 — 1)

(3m3 — I(I +1)). (3.2.7)

The quadrupole interaction causes a split in the excited state m; = 3/2 of *"Fe
isotopes while, the ground state I = 1/2 remain unsplit because of lack of quadrupole

moment. The splitting of the excited state I = 3/2 creates double degenerate

43



substates due to the m? dependence of the quadrupole energies

Eq(+3/2) = 3eQV../12,
Q(£3/2) = 3eQV../1 (329
Eo(+1/2) = —3eQV../12.

The transition from I = 3/2 to I = 1/2 appears as a doublet in the Mossbauer
spectrum (see Figure 3.6) which is separated by the quadrupole splitting [143]
eQVz

AEqg = Eq(#3/2) — Eq(+1/2) = =5~ (3.2.9)

The quadrupole splitting can provide information about the sample such as charge

symmetry around the nucleus [142], charge distribution [144] and defects [145].

3.2.3 Magnetic hyperfine interaction

In the case of magnetic dipole interaction, the splitting of the spectrum occurs due
to the interaction of nuclear magnetic dipole moments i with the magnetic field
H [140]. Nuclear levels with spin I = 0 have no Zeeman splitting because their
magnetic moment is zero. However, a nucleus in a state with spin quantum number

I > 0 has a magnetic dipole interaction give by the Hamiltonian

Hy=—ig.H=—gyunI.H, (3.2.10)

where gy is the nuclear Landé g—factor, uy is the nuclear Bohr magneton. There-

fore, the energy levels can be expressed as

pHmy

E, =
1

= gnpunHmy, (3.2.11)

where m; is the spin quantum number. Figure 3.7 shows the Zeeman effect in
"Fe [138]. The magnetic field leads to the splitting of the nuclear levels that have
spins I to 2/+1. The splitting is equally spaced into nondegenerate sub-levels [136].
Zeeman splitting with the selection rules Am; = 0, 1 causes six possible transitions
which appear as a sextet in the Mossbauer spectrum. The splitting of the sub-

levels is gypun H. The magnetic hyperfine fields provide information about magnetic
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moments, magnetic order and spin configurations. As a function of temperature,

the magnetic hyperfine fields can also give information about magnetic relaxation.
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Figure 3.7: Effect of the magnetic dipole interaction in 5"Fe Mossbauer spectrum.
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Chapter 4

Experimental techniques

This chapter provides a discussion about experimental techniques which were used
in this thesis. Two synthesis techniques were used namely glycol thermal and high
energy ball milling. The spinel phase was identified by X-ray diffraction of pow-
dered samples. The morphology was studied by high resolution transmission elec-
tron microscopy and high resolution scanning electron microscopy. The surface area
measurements were carried out by the Brunauer-Emmet-Teller (BET) technique.
A mini cryogen free measurement system and a vibrating sample magnetometer
were used to investigate the magnetization behaviour of the synthesized nanopar-
ticles. The magnetic properties were also studied by 5"Fe Mossbauer spectroscopy
measurements which also provided information about site occupation at tetrahedral
and octahedral sites of the spinel structure. The electrochemical activity in the

present work was studied by cyclic voltammetry measurements.

4.1 Synthesis and structural techniques

4.1.1 Glycol-thermal

The glycol-thermal method was used to synthesize compounds in a closed system us-
ing glycol ethylene as a synthesis medium. The confined closed system helps to raise
the reactor’s pressure. The glycol thermal technique has the advantage of achiev-

ing relatively high pressures and low synthesis temperature (7' = 200 °C). The
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starting materials can be high purity metal nitrates or chlorides as in the present
case namely MgCly.6H,0: 99%, SrCly.6H,0: 99%, MnCly.6H,0: 99%, CoCly.4H,0:
98%, BaCly.6H,0: 99% and FeCl,.6H,0: 99% purchased from Sigma-Aldrich. The
stoichiometric amount of starting materials was mixed in 400 mL of deionised water
and homogenized using a magnetic stirrer. Drops of ammonium hydroxide were
used to precipitate the mixture and to adjust the pH of the mixture to about 9. The
mixture was washing continuously using deionized water over a Whatman glass mi-
crofibre filter (GF/F) until all the chlorides were removed. The presence of chloride
was detected by adding a standard solution of silver nitrate to the filtered water.
The clean precipitate was added to 200 mL of glycol ethylene that was thereafter

transferred into a Watlow series stirred pressure reactor shown in Figure 4.1.

HOT SURFACES l

“ HIGH PRESSURES
(L B —

reactor chamber
—H—— .

control unit

program unit

temperature ( C)

Speed control

motor power switch

Figure 4.1: PARR 4843 stirred pressure reactor, Condensed Matter Physics Labo-

ratory, Westville campus.

The reactor was programmed (see Table 4.1) to run for 6 hours at 7' = 200 °C

and stirring speed of 300 rpm. Figure 4.2 shows a typical operation schedule of
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the PARR 4843 stirred pressure reactor. As the reactor’s temperature increases the
pressure also increases until it reaches certain level and stabilizes. Any overshoot in
the pressure can be reduced through the pressure relief valve. The cooling system of
the Watlow stirred pressure reactor is based on tap water flowing through it. This
was adjusted to a slow flow rate in form of drops of water at the outlet hose end.
The control unit has a circuit breaker that stops the heating program when a fault
is detected as indicated by red LED light. Common faults include too high or too

low water flow rate or wetting of the heating chamber due to water leaks.

Table 4.1: Programme for PARR 4843 temperature controller.

General set up

Program configuration

level 1 level 2 level 3 level A level C
tune: off SP1.P: 97 SP1.d: ssd An.hi: 997 Addr: 0
bAnd: 99 hAnd: off SP2.d: LK An.Lo: 0 bAud: 9600
int.t: 4.8 PL.1: 100 Burn: uP.SC hi.in: 50.0 dAtA: 18nl
alr.t: 100 PL.2: 100 rEU.d: Ir.2d 10.10.0 abuC: off
aAC: 1.5 SP2.A: Cool rEU.L: in.2n dECP: 0000
CyC.t: 20 SP2.b: none SPAn:0.0 SP3.A: none
oFSt: 0 diSP: 1o 2Ero: 0.0 SP3.b: none
SP.LK: off hi.SC: 800 ChEK: off SET.3: 0
SEt.2: 0 LO.SC:0 rEAd: UAro, 0.0 hK5.3: 2.2
Bnd.2: 2.0 inPt: tCL tECh: CtA, 0.0 brn.3: UP.SC

CYC.2: on.off unit: psi UEr: 954.0 rEU.3: 3d
rSEt: none
Level P
ProG 1 SEG 1 SEG 2 SEG 3 SEG 4
Run: (on or off) Type: Spr Type: Soak or Type: Spr Type: Soak
FAiL: rSET, ConT  Sprr: 200 °C Step or Loop or  SPrr: 200 °C degree Sin: 10 min
or hold t.SP: 150 °C CALL or E.op t.S5P: 25 °C E.oP: none
St.U: PU hb.U: off Edit: dEL hb.U: off

or SP and E.oP: none or inS E.oP: none
SPru: hour Sint: 360 min

or 60 s E.op: none
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The product after synthesis in the reactor was washed over a GF/F filter with
200 mL of ethanol. The sample was dried using a 200 W infrared light for about
24 hours. Finally, the dried sample was homogenized using an agate mortar and
pestle. All the samples synthesized by glycol-thermal technique in this thesis were

produced under similar conditions.
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Figure 4.2: Schedule illustrates the operation of PARR 4843 controller.

4.1.2 High-energy ball milling

Nanoparticle ferrites can also be produced by mechanical milling of metal oxides. In
this case the required stoichiometric amount of the metal oxides to produce a desired
compound are weighted and put into grinding jars with hardened stainless steel balls.
Phase formation can be affected by many factors such as stoichiometry, milling time,
rotation speed, ball to mass ratio and milling environment. A Retsch planetary ball
milling (type PM 400 MA) shown in Figure 4.3 was used to synthesize some of
the samples. The collision between stainless steel balls provides high energy which

can break the oxide bonds and force the phase to form. The steel vial (jar) covers
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are designed in such way as to ensure proper tight fitting. However, some of these
covers are designed in order to allow synthesis in other supplying atmospheres such
as argon. The Retsch PM 400 MA has four milling stations. Hence for rotational
balance two or four samples can be milled at same time. The control unit allows for
the adjustment of milling time, rotational speed and rotational direction (clockwise

or anticlockwise).

steel vials

‘‘‘‘‘‘‘

Figure 4.3: Retsch planetary ball milling (type PM 400 MA), Condensed Matter

Physics Laboratory, Westville campus.
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In the present work high-energy ball milling was used to synthesize the NiO-ZrOq
nanocomposite and Tig5Nig5FeoO4 nanoparticles samples. The ball to sample mass
ratio was 10 : 1. The starting materials NiO: 99%, ZrO,: 99%, TiO4: 99% and
Fe304: 95% supplied by Sigma-Aldrich. The samples were milled for 10 hours in air

under a rotational speed of 300 rev/min.

4.1.3 X-ray diffraction

In crystalline solid materials the periodic distribution of the atoms act as diffraction
gratings. The atomic spacing d ~ 1 A hence, the X-rays with wavelength \ ~ 1
A can be diffracted by the crystal and provide information about its crystallography.
Therefore, X-ray diffraction (XRD) is a technique in which the X-rays is used in order
to determine the crystal structure of materials. Figure 4.4 shows schematic diagram

of incident monochromatic beam of X-rays on crystalline sample.

incident X-rays beam X-rays
A

Figure 4.4: Schematic illustration of the principle of X-rays diffraction.

Reflected X-rays can interfere constructively whenever the optical path difference

is an integer multiple of the wavelength. This leads to the diffraction condition
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governed by Bragg’s law [146]
nA = 2dsiné, (4.1.1)

where n is an integer number and 6 is the angle between the incident beam and
the scattering plane. The relation between d and the lattice parameter a of a cubic

crystalline system can be expressed by

a
h2+ k2 + 12

where h, k and [ are Miller indices of a particular plane [146]. The crystallite sizes

d(h, k1) = (4.1.2)

D can be estimated from the XRD pattern through the Scherrer’s equation

KX
N thl cos 6 ’

where K =~ 0.9 is known as the crystal shape factor and Wy, is the line broadening

D (4.1.3)

of the diffraction peaks at full width at half-maximum (FWHM). The X-ray densities
pxrp of a cubic spinel can be calculated to be

SM

PXRD = N—

el (4.1.4)

where M is the molecular weight of the sample and N 4 is the Avogadro’s number.

The microstrain of the synthesized sample can be given as [147]

e = : (4.1.5)

The microstrains can also be deduced from Williamson plots [148]. The percentage
porosity P(%) of a sample can be calculated from the formula

P(%) = (1 - M) x 100. (4.1.6)

PXRD
The bulk density pp,r in this case can be obtained from a suitable pellet of a
powdered sample.
Figure 4.5 shows the Phillips XRD diffractometer Model: PANalytical, EMPYREAN

that was used for structure determination. The instrument uses a CoKa radiation
source (A = 1.7903 A). The XRD measurements were carried out in the range: 10

< 260 > 80. A typical sample size for XRD measurements was about 0.25 g.
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Figure 4.5: Empyrean PANalytical X-rays diffractometer cabinet, Geology Westville

campus.

4.1.4 High resolution transmission electron microscopy and

scanning electron microscopy

High resolution transmission electron microscopy (HRTEM) is a powerful technique
to study the crystallographic structure of nanoparticles. The formation of nanopar-
ticle images in the HRTEM measurements is due to the interaction between the
incident electron beam and the sample. Figure 4.6 shows a Joel-2100 high resolution

transmission electron microscope. The sample size required in HRTEM measure-
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ment is about 0.0002 g dispersed in ethanol and then vibrated for 2 minutes in a 80
Hz Watt transistorized sonic cleaner. The HRTEM sample holder is immersed into
the dispersed sample and then transferred to HRTEM in order to perform the mea-
surements. HRTEM images can provide information about the crystalline quality

and particle sizes.

electron gun

sample port

Figure 4.6: Joel-JEM-2100 high resolution transmission electron microscope, West-

ville campus.

High resolution scanning electron microscopy (HRTEM) uses a beam of electrons
that can be reflected mainly from surface of the sample. This technique therefore,

provides information about the surface morphology of a sample. The sample prepa-
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ration in this case is critical and requires dispersion of the powdered sample on a
double sided adhesive of carbon tape and coated with gold by using a Quarum coater
type: Q 150 ES shown in Figure 4.7. The purpose of coating by gold is to increase
the conductivity to obtain better resolution of surface images. Other elements such
as carbon and platinum can also be used for coat samples. HRSEM measurements
were performed on a Zeiss ultra high resolution scanning electron microscope shown
in Figure 4.8. A scale of 200 nm was gave better image resolution for the samples
studied in this thesis. The energy dispersive X-rays (EDX) measurements were also
carried out on the same instrument. The EDX measurements provide information
about elemental compositions as well as elemental distributions (mapping) on the

sample surface. The EDX analysis was performed out using the AZtech software.

Figure 4.7: Quarum coater type: Q 150 ES, EM Unit Westville campus.
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liquid nitrogen

Figure 4.8: Zeiss ultra plus high resolution scanning electron microscope, EM Unit

Westville campus.

4.1.5 Brunauer-Emmet-Teller and Barrett-Joyner-Halenda

measurements

The Brunauer-Emmet-Teller (BET) method can be used to obtain surface areas
of the particles in powdered sample. This technique gives information about the
porosity of a sample in terms of pore volume and pore size distribution. The BET
isotherm hysteresis loops are obtained by measuring the adsorption-desorption of
nitrogen gas in the particle surfaces. Adsorption of nitrogen gas occurs by increasing
the relative pressure P/Pq at the constant liquid nitrogen temperature of 77 K and
by decreasing P /P, desorption takes place. Materials can in general be classified
based on adsorption isotherms into six categories [149]. The samples synthesized in
this thesis were classified as type IV mesoporous materials. The sample size used
to perform BET surface area measurement is about 0.2 g. The sample initially has
to be degassed by nitrogen gas overnight at 200 °C using a micrometrics FlowPrep
060 Sample Degas System. The purpose of degassing by nitrogen gas is to dry and

remove the moisture from the sample. The texturel and porosity characteristics of
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the synthesized nanoparticles were investigated using a micrometrics Tristar I1 3020

instrument using liquid nitrogen as the analysis gas at 77 K as shown in Figure 4.9.

Figure 4.9: Micrometrics tristar II 3020 surface area and porosity, School of Chem-

istry and Physics, Westville campus.

4.1.6 Inductively coupled plasma optical emission spectrom-

eter

Inductively coupled plasma optical emission spectrometer (ICP) is a technique which
is used for elemental analysis of a sample. The technique can detect very low concen-
tration of part per million (ppm) of elemental composition of a sample. The princi-
ple of elemental identification in ICP technique is based on detection of spontaneous
photons that emitted from ionized sample. The sample ionized by an external mag-
netic field. The heat causes by the ionized sample (plasma) is cooled by argon gas.
ICP is a suitable technique toward liquid samples. Therefore even a solid sample
has to be in a solution form. That is why digestion process of the sample under

investigation is a crucial matter in preforming ICP measurements. The digestion
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process depends on nature of the sample. However, the digestion can be in open
vessel (such as hotplate) or closed vessel (such as microwave). A solid sample can
be dissolved in acid such as HNO3, HCL, HF or H,SO, for digestion process. In this
thesis 0.0142 g of Tiy5NigsFesO4 was digested in 10 mL nitric acid on hotplate for
30 min. The vials were washed properly with double satire water to ensure better
cleaning procedures. The digested sample was diluted in 100 mL of double satire
water. The standard solutions of 1000 ppm were purchased from DLD Scientific
South Africa. Different concentrations of the standard solution were diluted in 50
mL double stair water. The calibration solution of 50 mL was prepared by diluted
10 mL of nitric acid with double stair water. The prepared sample, standard and
calibration solutions were transferred to ICP-OES Optima 2100 as shown in Figure
4.10. The ICP-PES system consist optical emission spectroscopy Optima 2100 DV,
Autosampler: AS93 plus, computer with widows operation system for the analysis,
chiller system type: PolyScieno No 772025 and extractor to ensure that the metal

vapour does not contaminate the measurement room.

Figure 4.10: ICP optical emission spectrometer Optima 2100 DV, School of Chem-
istry and Physics Westville campus.
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4.2 Magnetic measurements

The magnetic properties of the compounds were determined by a LakeShore model
735 vibrating sample magnetometer (VSM), mini-cryogen free measurement system
(CFMS) and by 5"Fe Mossbauer spectroscopy (MS) in transmission geometry. The
basic operation of the VSM, CFMS and MS are presented below.

4.2.1 LakeShore model 735 vibrating sample magnetometer

A vibrating sample magnetometer (VSM) is used to measure the magnetization of
a sample as a function of magnetic field and temperature. The principle of VSM is

based on Faraday’s law, expressed as

dd

T —-F, (4.2.1)
where @ is the magnetic flux and E is the induced voltage in the pick-up coils that
depends on the magnetic state of a sample. The magnetic properties can be studied
by measuring the magnetic moment of the sample. The magnetization of the sample
is proportional to the induced voltage. The change in flux is caused by vibrating
the sample at fixed frequency. Figure 4.11 shows a LakeShore model 735 VSM.
The system consists of a LakeShore model 362 power supply, model 735 VSM con-
troller, model 340 temperature controller, model 450 Gaussmeter, vibrating head,
Janis helium cryostat, Neslab ThermoFlex 2500 chiller and an EM4-HVA electro-
magnet. The VSM measurement components are connected via PCI-GPIB cables to
a National Instruments IEEE-488 interface card in a computer. The magnetizations
were calibrated with respect to a spherical standard nickel sample with a saturation
magnetization of 54.8 emu/g in an applied external magnetic field of 5000 Oe. The
calibration procedure also includes positioning of the nickel sample at the center of
pick-up coils. This can be achieved by using the gears that attached to the VSM
head. A typical sample size for magnetization measurement is about 0.025 g, the
maximum applied field on this system is 14 kOe. The LakeShore model 735 provides

the magnetic parameters value directly into a Text Document file.
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Figure 4.11: LakeShore model 735 vibrating sample magnetometer (VSM), Con-
densed Matter Physics Laboratory, Westville campus.

4.2.2 Mini cryogen free measurement system

The mini cryogen free measurement system (CFMS) was purchased from Cryogenic
Ltd, UK. The system consists of a number measurement options namely vibrating
sample magnetometer (VSM), AC susceptibility, resistivity and Hall effect measure-
ments. The hardware for the system includes the cry-cooler system (cold head unit,
compressor and water chiller), superconducting magnet, cryostat, variable tempera-
ture insert (VTI) and an electronics rack (for various components and desktop com-
puter). In addition two vacuum pumps are available for evacuation of the sample
space and for circulating the helium gas. The CFMS has capabilities for measure-
ment from 1.6 K to 700 K in magnetic fields of up to 5 Tesla. Figure 4.12 shows the
CFMS that we have used for magnetization measurement which has only exploited

the VSM option on the system.
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Figure 4.12: Mini cryogenic free VTT system, Condensed Matter Physics Laboratory,

Westville campus.
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The water chiller is a type TAE EVO 020 unit which consists of a refrigera-
tion compressor, condenser, evaporator, tank, pump and electronic controller. It is
important to address some technical issues associated with the chiller. We have ex-
perienced refrigerant low pressure and flow meter alarm condition. The refrigerant
low pressure occurs when the refrigerant gas is lost through a leak. This appears as
a code A02 alarm accompanied by the sound of a buzzer. The water chiller stops
when refrigerant gas pressure falls to 1.7 bars. The water chiller can be reset by
raising the gas pressure to 2.7 bars using refrigerant gas type R407C to a charge of
1.95 kg.

Since ordinary tap water is used in this chiller, dirt and some precipitates are
expected to accumulate in the water tank and hoses. Thus regular flushing of the
chiller is required.

In the case of a flow meter alarm, the electronic controller displays a A08 warning
code accompanied by the sound of the buzzer. The top cover of the chiller should be
opened in order to reset the thermal protection device by pressing it for 5 seconds.
A green light comes on indicating a successful reset procedure. Table 4.2 shows the

access to the function menu for the display, reset and historic alarms.

Table 4.2: The functions menu for display, reset and historic alarms.

Function menu

Display AlrM Reset AlrM Display historic AlIrM  Reset AlrM historic
1- Press "M” 1- Press "M” 1- Press "M” Press "M”
2- Press {) or | 2- Select ” ALrm” 2- Press f) or | 2- Select ” ALoG”
to select ALrM 3- Press "SET” to select ” ALoG” 3- Press "SET”
3- Press "SET” 4- 7rSr”: can be reset, 3- Press "SET” 4- Inside " ALoG”
4- Press 1} or |} "No”: can not reset 4-Press f} or | enter the password
to scroll all alarms 5- Press 1} or | to scroll all alarms 5- 7 ArSt” flashes
5- Press "M” for to scroll all alarms 5- Press "M” for 5 sec confirms the resetting
30 sec to exit. 6- When ”rSt” displays 30 sec to exit.
press ”SET”

7- Press "M” for.

30 sec to exit
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The continuous closed-cycle refrigeration of the CFMS is provided by the crycooler
system type: SRP-062. The compressor is connected to the water chiller through
water hoses for cooling. The cold head unit and the compressor unit are connected
by flex lines which include a filter unit on one the lines. The compressor is responsi-
ble for providing high pressure helium gas to the cold head unit through the helium
gas supply connectors. At low gas pressure (noted from the supply and return pres-
sure gauges), the compressor does not work. In this case it is necessary to refill the
compressor by helium gas to the admissible range as indicated in Figure 4.13. It
is very important to know that damage can occurs if the pressure gas varies from
the operation range. Every 30000 hours the filter unit has to be replaced. The cold

head unit requires maintenance every 20000 operating hours.
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Figure 4.13: Admissible operation range for return and supply pressure.

The CFMS uses the LabeVIEW graphical program as the software interface for
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the system. For magnetization measurements the system needs to be calibrated by
standard yttrium iron garnet of a spherical sample. The sample preparation for
measurement consists of placing about 0.005 g of the sample into a Perspex cone
sample holder. A small piece of cotton wool was used to secure the powdered sample
in order to avoid torques on the sample during magnetization measurements. This
Perspex cone was attached and fixed properly using Kapton tape at a position of 20
mm in a straw of length 80 mm as shown in Figure 4.14. An adaptor was fixed at
the other end of the straw and screwed to the CFMS probe. The probe was loaded
into the CFMS sample space using the sample load option in the software window.
This procedure requires the helium exchange gas cylinder to be opened. The Load

sample instructions have to be followed precisely.

Perpex cone

Sampje .

Figure 4.14: CFMS VSM probe attached to a sample.

For all measurements, centring of the sample also plays an important role in
obtaining the best signal sensitivity and a good measurements curve. To get a
magnetic signal from the sample a magnetic field of 0.1 T is applied. The VSM
rod is lowered slowly while monitoring the changes in the magnetic response on a
graphical display of moment versus time. The lowering is stopped at the highest
magnetic moment obtained. The auto-centering option from control window is used
to determine the sensitivity accuracy. The recommended sensitivity value is about
40.5. For the magnetic samples that investigated here a sensitivity accuracy value
of £1 was also acceptable. The sample is finally secured in the optimum position.
Magnetic measurements are initiated through a programmed sequence of commands

from the control window.
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4.2.2.1 Evacuation procedure

The continuous operation of the CFMS over a few weeks can lead to the formation
of ice in the sample space, loss of the low pressure in the vacuum chamber and VTI
circuit. Therefore, it is important to evacuate the vacuum chamber and VTT circuit
regularly. The CFMS system need to be warmed up to room temperature and that
usually takes about 3 days. Every time that the CFMS is warmed up to room tem-
perature the vacuum chamber should also be evacuated. To evacuate the vacuum
chamber, the airlock hose has to be disconnected from its original position and con-
nected to the vacuum pumping port. The recommended vacuum chamber pressure
should be below 10™* mbar. Since no pressure gauge is available using the rotary
pump, the vacuum chamber is normally evacuated overnight. The vacuum pump
valve is closed after the evacuation procedures. The airlock hose is re-connected to
the helium inlet through a special adaptor. VTT circuit is also evacuated overnight

to ensure that all the contaminations in VTT system and charcoal filter are removed.

4.2.2.2 Recharging the dump

The helium dump is the main storage chamber for helium gas. The dump which
has an oil free pump is connected to exhausted release valve. To ensure complete
evacuation of the dump, the helium airlock hose is connected directly to the dump
exhaust and pumped out by a rotary pump. The helium inlet hose is connected to
helium gas cylinder of purity of 99.999% purchased from Afrox, South Africa. To
fill up the dump, the exhaust valve is closed and the helium cylinder is opened to
allow the helium gas to fill up the dump. The helium cylinder is closed after the
dump pressure reaches about -0.5 bar. The dump is re-filled with helium gas and re-
evacuated and the above process is repeated 3 times to ensure only uncontaminated
fresh helium gas finally occupies the helium dump. The dump is finally recharged to
about 0.25 bar with fresh helium gas. The exhaust valve is closed while the helium
inlet and airlock hoses are re-connected to their original positions. Switch-on and

shut-own procedures are specified in CFMS manual.
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4.2.3 Mossbauer spectroscopy measurements

Most of the samples studied in this work contain Fe atoms. We have therefore used
5Fe Mossbaue spectroscopy (MS) measurements to supplement the magnetization
measurements. MS provides information of the magnetic order and the distribu-
tion of the cations in the tetrahedral and octahedral sites. Two spectrometers are
available, one with a cryostat and the other with a Mossbauer furnace. Each con-
sists of a power supply, MR-351 Mossbauer drive unit, spectroscopic CANBERRA
amplifier, [TIFAST ComTec pre-amplifier, LND INC 45431 proportional counter ra-
diation detector (activated by 1800 V), ORTEC MCS-pci’ data acquisition card
and multichannel analyser software version 2.13 installed in a desktop computer.
Figure 4.15 shows Mossbauer spectroscopy set-ups. The ORTEC MCS-pci”™ data
acquisition card does not have a default pulse height analysis (PHA) mode. The
option for single channel analyser (SCA) sweep through the 512 channels, one at
time, exists which allows for a somewhat slow identification and selection of the 14.4
keV Mossbauer peak. A standard 99.5% pure iron foil of thickness of about 0.025
mm was used at room temperature to generate the spectrum for velocity calibration
at a particular maximum velocity setting of the source. A typical sample size for
our absorber was about 0.10 grams spread uniformly on a 13 mm diameter sample
holder. in plastic sample holder and fixed properly by a small piece cotton wool.
The sample was positioned in between the detector and a 25 mCi °"Co radioactive
source. The source was vibrated at constant acceleration. A typical detected
rays spectrum was recorded for at least 12 hours after which the data was ready for

analysis in order to extract the Mossbauer parameters.

4.3 Sentro Tech high temperature tube furnace

Thermal annealing of the synthesized samples were carried out in a Sentro Tech
type: STT-1600C-3-24 high temperature tube furnace shown in Figure 4.16. The
furnace uses MoSi, heating elements, B-type thermocouples, Yudian 30 segment
programmable temperature controller and Eurotherm over-temperature controller.

The maximum operating temperature of the furnace is 1600 °C. The furnace allows
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Figure 4.15: Mossbauer spectroscopy set up, Condensed Matter Physics Laboratory,

Westville Campus.



for annealing in air or flowing argon gas atmosphere.
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Figure 4.16: Sentro Tech type: STT-1600C-3-24 high temperature furnace, Con-
densed Matter Physics Laboratory, Westville Campus.

4.4 Electrochemical measurements

4.4.1 Voltammetric equipment

The voltammetric measurements were performed on an electrochemical analyser CH
instrument model: 800B Series. This facility consists of a three electrode electro-
chemical cell namely Ag/AgCl reference electrode, a platinum counter electrode and
glassy carbon working electrode (GCE) shown in Figure 4.17. The GCE electrode
needs to be cleaned thoroughly by polishing using 0.5 mm alumina slurry on a pol-
ishing cloth. The electrode is also thoroughly rinsed with double-distilled water and
dried in air. A small amount of a sample of about 0.5 mg was diluted in 0.001 L

of dimethylformamide (DMF) solvent. A small drop of the diluted sample of DMF
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was deposited into the surface of the cleaned GCE. The modified GCE was dried for
10 minutes in a pre-heated oven at 100 °C. The active surface areas of the bare and
modified GCE can be obtained from cyclic voltammograms (CVs) in the presence

of 1.0 mM of K3[Fe(CN)®] solution at different scan rates.

reference electrode

glassy carbon electrode

Figure 4.17: Cyclic voltammetric set-up, Department of Pharmaceutical Chemistry,

Westville Campus.

4.4.2 Electrochemical analysis

The electrochemical cell is used to investigate the chemical response of an analyte
by measuring the voltage (potential) and/or current signals [150]. Three electrodes
are conventionally employed in electrochemical set-up which comprises of a work-
ing electrode, reference electrode and an auxiliary electrode [150]. Electroanalytical
methods are commonly used due to their relatively cheap instrumentation, high
accuracy, precision, sensitivity, rapid analysis time and ability to simultaneously
determine various analytes in a solution [151, 152]. Furthermore, electroanalyti-
cal analysis has a feature of direct analysis of a sample without tedious and long

preparative procedures [153]. The technique is widely used for analysis of drugs
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in pharmaceutical formulations and biological samples. Electrochemical techniques
mainly include cyclic voltammetry and chronocoulometry [154]. Cyclic voltammetry
is powerful, simple and rapid method for characterizing the electrochemical activity
of an analytes which can be electrochemically oxidized or reduced [155]. The elec-
trochemical reactions can be described at least in part by the Nernst equation [156]

expressed as

E=E"— STZ In (%) (4.4.1)

where EY is the redox potential. The Nernst equation describes the relation between
potential of an electrode and concentrations Cp and C'r of two species O and R which
are involved in the redox (O + ne” <— R ) reaction at the electrode surface.

In cyclic voltammetry, the potential of a working electrode is changed gradually
(in Volts/second) and then reversed to the initial potential. Simultaneously, the
curve of measured current versus applied potential is recorded. This curve (as shown

in Figure 4.18) is known as a cyclic voltammogram [157].

ipa

Figure 4.18: Theoretical cyclic voltammogram for a reversible case.



In the case of a reversible system the peak current (in amperes) i, at 298 K is

given by Randles-Sevcik equation [158]

i = 2.69 x 10°n32ADY2Cv'/?, (4.4.2)

where A is the surface area of working electrode in cm?, n is the number of electrons
transferred in the electrochemical process, D (in cm? s7!) is the diffusion coefficient,
C' (in mol cm™?) is the concentration of the electroactive species and v is the scan
rate (in V s7'). The diffusion coefficient of the electroactive species can be deter-
mined from equation 4.4.2. For specimens where the diffusion coefficient is already

1/2 can provide information

known, the slope obtained from the plot of 4, verses v
about the redox process [159].
In the case of irreversible processes, individual peaks are reduced in size and are

widely separated. The peak current is given by [160]

ip = 2.99 x 10°n(an) /2 ADV2Cv'/2, (4.4.3)

For an irreversible electron transfer, Ep is expressed by the Laviron’s equation

E,=E"+

2.303RT | RTE° n 2.303RT
ankF’ o8 ankF’ anF

} log v, (4.4.4)

where « is the transfer coefficient, k° is the standard heterogeneous rate constant
of the reaction and E° is the formal redox potential [161]. The value of an can be
calculated from slope of the plot of F, verses log v by considering T' = 298 K, R =
8.314 J/K mol and F' = 96480 C/mol. The value of n can therefore be calculated

since the parameter « is known to be

4T
Ey— Epp’
where E, /5 is the half-peak potential [162].

o) (4.4.5)

The electrochemical process can be adsorption or diffusion controlled. Adsorption-
controlled electrochemical process takes place when ¢, is proportional to v whilst, if
ip is proportional to v'/? suggests diffusion-controlled electrochemical process [163].

This is can further be confirmed by plotting log 4, versus log v that exhibits a straight
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line graph with a slope of 0.5 for ideal diffusion and 1.0 for adsorption-controlled
process [164]. The effect of pH on electro-oxidation or reduction of an analyte can
be investigated by plotting F,, versus pH. The value of the slope reveals the charac-
teristics of the electrode in terms of the number of electrons and protons which are

involved in the reaction process [165].
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Chapter 5

Structural and magnetic
properties of CoFeo(O, nanoferrite
simultaneously and symmetrically

substituted by Mg, Sr and Mn

5.1 Introduction

Spinel nanoferrites are amongst the most studied materials with interesting optical,
magnetic and electrical properties [166]. By changing the divalent elements at the
tetrahedral and octahedral sites, the magnetic properties can be tuned. CoFe,O4
ferrite has been widely studied and is known for its good magnetostriction proper-
ties, high magneto-crystalline anisotropy and moderate saturation magnetization.
These features make CoFe;O4 a popular and interesting system to study. This is
further encouraged by multiple substitutions of Co and Fe ions in the system. Jiga-
jeni et al [167] have reported that MngoMgg3Cog 7Fe; sO4 is a good candidate for
magnetoelectric applications which show favorable values of resistivity, saturation
magnetization and coercive field. Abdallah et al [168, 169] have reported the synthe-
sis and the magnetic properties of (Mg, Sr)p2Mng1Cog7FesOy4. These results show

enhancement in the magnetic properties compared to the parent Mng3Cog7FesOy
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sample. Therefore, simultaneous and symmetrical stoichiometric samples with Mg,
Sr and Mn could be interesting to synthesize and study. As compared to the reported
results in references [168, 169, 170], a new compound of Mgg 1Srg1Mng1Cog 7FesOy
shows a relatively large lattice parameter, high magnetic internal hyperfine fields,
slightly smaller grain size, significantly larger coercive field at 300 K and at 2 K. Sr
and Mg have similar electronic configurations but differ in atomic sizes. This may
also have important implications on the properties. Therefore, in this chapter we
have discussed simultaneous substitutions of Co by Mg, Sr and Mn in CoFe;Oy4 for a
series of samples with equal atomic proportions of substituting elements. The aim is
to investigate how structural and magnetic properties change due to the symmetry

in the stoichiometry of the substituting elements.

5.2 Experimental details

A series of Mg, Sr,Mn,Co;_3,Fe;O4 nanoferrites (for z = 0, 0.1, 0.2, 0.3, 1/3) were
synthesized by the glycol-thermal method. The starting materials were CoCly6H50:
98% , FeCl36H20: 99%, MnCly4H,0: 99%, MgCla6Ho0: 99% and SrCla6H20: 99%.
The synthesis procedures were described in chapter 4. The phase and structural
characterization of the samples were studied by a Phillips X-ray diffractometer
Model: PANalytical, EMPYREAN using CoK, radiation. The morphology of the
nanoparticles was investigated by a high-resolution transmission electron micro-
scope (HRTEM) (type: Jeol.JEM-1010). The microstructure of the samples was
investigated by a high-resolution scanning electron microscope (HRSEM) (Ultra
Plus ZEISS-FEG HRSEM instrument). The iron distribution was investigated by
room temperature > Fe Mossbauer spectroscopy measurements. Room temperature
magnetic measurements were first investigated by magnetization measurement on
a LakeShore vibrating sample magnetometer (VSM). Further measurements were

performed on the the mini cryogenic free measurement system (CFMS).
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5.3 Results and discussion

5.3.1 Structural and morphology investigations

Figure 5.1 shows XRD patterns of the as-prepared samples of Mg, Sr,Mn,Co;_3,Fe;Oy
series. The patterns indicate that single-phase spinel structure was obtained for all
the samples. The highest intensity peak corresponds to (311) planes. The broad-
ening of the peaks indicated small particle sizes. The average particle sizes were
calculated using equation 4.1.3. The lattice parameters a were calculated using the
equations 4.1.1 and 4.1.2. The XRD densities of the samples pxrp were calculated
using equation 4.1.4. The results show reduction of pxrp with increasing value of
x. This is associated with the decrease in the Co content and molecular weight M
(Table 5.1). We have therefore, plotted pxgp versus M,. Good correlation between
pxrp and M, is observed as shown in Figure 5.2. The microstrain € values were de-
duced from the Williamson-Hall Plots as shown in Figure 5.3 [171]. The calculated
values of a, D and M, p and ¢ are also presented in Table 5.1. The lattice parameter
and the density of the sample at z = 0 were found to be similar to the reported values
of 8.383 A and 5.29 g cm~? respectively, for a CoFe,O4 sample [172]. However, there
is no significant changes in the lattice parameters after substitution of Co except for
the sample at z = 1/3 which shows a relatively higher lattice parameter. The calcu-
lated microstrains do not show large variation with composition. The average strain
value obtained is 0.001740.0002. This reflects similar microstructure environments
with strains induced by similar synthesis conditions. The microstructure and the
surface morphology were studied by HRTEM and HRSEM respectively. Figure 5.4
shows typical HRTEM micrographs which appear to show nearly spherical nanopar-
ticles with some agglomeration known to enhance magnetic interactions between
nanoparticles [173]. The boundaries between the crystallites are clearly distinct.
The values of the particle sizes estimated from the images are also given in Table
5.1 and are consistent with the estimates from the XRD. HRSEM surface morpholo-
gies of the as-prepared Mg, Sr,Mn,Co,_3,Fe;O,4 which also support the observations
from HRTEM are shown in Figure 5.5. Figure 5.6 shows the EDX analysis spectrum
for the CoFe;O4 sample. All the peaks are associated with the expected elemental
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compositions (Figure 5.6 (a)). The elemental distributions are presented in Fig-
ure 5.6 (b). The elemental mapping measurements show homogeneous elemental

distribution along the sample surface.
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Figure 5.1: XRD patterns for the as-prepared samples of Mg,Sr,Mn,Co;_3,FesOy

nanoparticle ferrites.
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Figure 5.2: Variation of samples density with molecular weight of the as-prepared

Mg, Sr,Mn,Co;_3,Fe;O4 nanoparticle ferrites.
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Figure 5.3: Williamson plot for the as-prepared Mg,Sr,Mn,Co;_3,Fe;O4 samples.

Table 5.1: The lattice parameters (a), crystallite sizes (D), HRTEM parti-
cle sizes (Dyrrem), X-ray densities and microstrains (g) of the as-prepared

Mg,Sr,Mn,Co;_3,Fes04 compounds.

z a(A)  Dxpp(mm) Dypresm(nm)  pxpp(g/cm®) € My
+£0.003  +0.01 +2 +£0.001  +0.0004  (g)
0.0 8.380 8.27 9 5.296 0.0020  234.62
0.1 8.387 8.91 8 5.261 0.0017  233.63
0.2 8387 8.34 9 5.237 0.0015  232.61
0.3 8.379 8.28 7 5.231 0.0019  231.64
/3 8.395 8.20 8 5.1181 0.0016  230.75
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Figure 5.4: HRTEM micrographs for the as-prepared Mg, Sr,Mn,Co;_3,Fe;O4 sam-
ples.
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Figure 5.5: HRSEM micrographs for the as-prepared Mg, Sr,Mn,Co;_3,FesO4 sam-
ples.

79



. Map Sum Spectrum

Co
Weight %

500nm !

Figure 5.6: (a) EDX spectra of the elemental composition, and (b) the distribution

of the elements for sample CoFe;Oy.

5.3.2 Magnetic measurements
5.3.2.1 Mossbauer measurements

Figure 5.7 illustrates the room temperature Mossbauer spectra for the as-prepared
Mg,Sr,Mn,Co;_3,FesO4 samples. The samples show distinct Zeeman sextets ex-
cept * = 1/3 which is revealed magnetic relaxation. The two Zeeman sextets are
attributed to iron ions on tetrahedral (A) and octahedral (B) sites were used to

fit the Mossbauer data. The results of the hyperfine parameters are presented in
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Table 5.2. The values of hyperfine fields (H) are high as expected and are asso-
ciated with superexchange interaction between atomic moments. Larger values of
hyperfine magnetic fields are assigned to the B-sites [167, 174]. We observed that
the increase in z values from 0.1 up to 1/3 causes a decrease in H values. Figure
5.8 shows the variation of the H4 and Hp with z. We suspect that the decreases
in H is associated with the decline in Co content. The line widths I' also appear to
change with respect to the increase in x. This reflects the effect of the substitutions
on the magnetic ordering of the samples. The maximum line width broadening is
found for the sample at z = 1/3. All isomer shift values are associated with Fe3™
ions [175] and show no significant change with composition. This shows that the

s-electrons are not significantly affected by substitution Mg, Sr, Mn and Co atoms.

Relative intensity (%)

x=1/3

12 -8 4 0 4 8 12
Velocity (mm/s)

Figure 5.7: Mossbauer spectra for the as-prepared Mg, Sr,Mn,Co;_3,FesO4 samples

measured at room temperature.
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Table 5.2: Isomer shifts (J), hyperfine magnetic fields (H), line widths (I")

and Fe3't fraction population (f) on A-site and B-site for the as-obtained

Mg, Sr,Mn,Co;_3,Fe;O4 samples.

T d(mm/s) H (kOe) I'(mm/s) f(%)
da OB Hy Hp T4 I'e  fa [s
+0.03 +0.04 4+9 +4 +0.09 4+0.08 +£3 =+7

0.0 0.31 0.31 453 485 0.32 0.24 50 50

0.1 0.30 0.31 457 483 0.30 0.23 b3 47

0.2 0.31 0.31 442 480 0.42 0.17 49 51

0.3 0.32 0.32 419 467 0.55 0.21 70 30

1/3 0.38 0.34 161 409 0.94 1.35 47 53
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Figure 5.8: Variation of hyperfine interactions field H4 and Hpg as a function of x for

the as-prepared Mg,Sr,Mn,Co;_3,Fe;O4 samples measured at room temperature.

5.3.2.2 Room temperature magnetic measurements

Figure 5.9 shows the hysteresis loops of the as prepared Mg,Sr,Mn,Co;_3,Fe;Oy

measured at an applied field of about 14 kOe at 300 K. Slightly substituting Co by

Mg, Sr and Mn atoms significantly increases the value of the magnetization from
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32.79 emu/g to 76.61 emu/g for z = 0.1. There after the magnetization decreases
with increasing z to 32.87 emu/g when z = 1/3. Room temperature magnetic
properties can be explained in terms of cation distribution [166] based on super-
exchange interaction between A and B sites. The increases in the magnetization
can be attributed to the magnetic moments of 5 ug Mg or Mn with addition of
Mn favouring a more negative exchange interaction. The results also show that the
coercive field decreases with increase in z reflecting the decline in the Co atoms
which are associated with high uniaxial anisotropy [176]. Table 5.3 shows magnetic

parameters deduced from the magnetization measurements at room temperature.

The values of Mp/M; indicate the hysteresis loop squareness [173].
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Figure 5.9: Room temperature hysteresis loops of Mg,Sr,Mn,Co;_3,Fe;O4 as-

prepared. The inset shows magnified view of M-H curves.
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Table 5.3: Magnetic parameters of the as-prepared Mg,Sr,Mn,Co;_3,Fe;O4 mea-
sured at 300 K in maximum applied field of 14 kOe.

r  He(Oe) Mg(emu/g) M,.(emu/g) Mgr/M; np (up)

£0.5 £0.1 £0.01 £0.001 £0.01
0.0 198.2 33.0 2.59 0.078 2.37
0.1 115.0 77.0 6.14 0.077 3.18
0.2 106.0 71.0 5.73 0.081 2.94
0.3 15.3 57.0 0.97 0.017 2.34
1/3 6.0 33.0 0.24 0.007 1.36

5.3.2.3 Magnetic measurements using the mini CFMS

Figure 5.9 reveals the magnetization of the as-prepared Mg,Sr,Mn,Co;_3,FesOy
samples did not saturate under external magnetic fields of up to 14 kOe. Hence, the
samples were further investigated using the cryogen free measurement system CFMS
at maximum applied field of 50 kOe. The effect of the measuring temperature on the
magnetic properties of the synthesized samples have also been studied in the temper-
ature range from 2 K up to 300 K. Figures 5.10 and 5.11 clearly show the hysteresis
loops of the as-prepared samples. Full saturation of the magnetization especially
at 2 K is not achieved even up to 50 kOe. This is attributed to significant canting
of spins. However, we can deduce reliable values of the saturation magnetizations
of the samples by fitting the equation 2.7.1 to the initial magnetization data. The
magnetic parameters of the as-prepared Mg, Sr,Mn,Co;_3,FesO4 samples measured
in external magnetic fields of 50 kOe at 300 K are shown in Table 5.4. Significant
changes with composition are observed for the coercive field (H¢) and saturation
magnetization (Mg). The remanent magnetization (M, ), squareness ratio (Mgr/Ms)
and magnetic moment (ng) do not significantly change with composition, x. The
magnetic moments were calculated from maximum magnetizations Mg (in emu/g)
using the formula np = My x Mg/5585 [177], where M, is the molecular weight of
the sample. We found good correlation between the saturation magnetizations and

particle sizes as indicated by the plot in Figure 5.12.
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Figure 5.10: Hysteresis loops of the as-prepared Mg, Sr,Mn,Co;_3,Fe;O, measured
at room temperature in external applied fields of up to 5 T. The inset shows the

magnification around the origin.

The hysteresis loops obtained at 2 K (Figure 5.11) show the sample at z = 0.1
has a higher coercive field. Lower coercivity values are obtained for other samples.
Some distortion of the hysteresis loops are also observed for the sample with z =
0, 0.1 and 0.2. We suspect this to be caused by the decoupling between the hard
and soft magnetic phases. Upadhyay et al. [178] have explained similar behaviour
in term of freezing of disordered spins. No distortion of the loops are observed for
the samples with z = 0.3 and 1/3. Based on hysteresis loops recorded at 300 K
(in Figure 5.10) and those recorded at 2 K (in Figure 5.11), we observed significant
increases in coercive fields with decrease in temperature. The highest increase in
the coercive field at 2 K is obtained for the sample at z = 0.1. The least increase is

for x = 1/3.
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Figure 5.11: Typical hysteresis loop measured at 2 K of Mg,Sr,Mn,Co;_3,Fe;Oy

as-prepared samples.

Table 5.4: Magnetic parameters of the as-prepared Mg, Sr,Mn,Co;_3,Fe;O, samples

measured at 300 K in maximum applied field of 50 kOe.

z  Hc(Oe) Mg(emu/g) M, (emu/g) Mp/Ms np(up)
+0.5 +0.5 +1 40.001 +0.01
0.0 398.0 67.3 8 0.119 2.80
0.1 351.0 68.1 10 0.147 2.90
0.2 318.2 75.0 10 0.133 3.10
0.3 142.0 61.3 9 0.147 2.30
1/3 84.0 56.2 9 0.160 2.30

Figure 5.13 shows the variation of the maximum energy product (BH )4, and

the saturation magnetization Mg as a function of Co contents at 2 K. The (BH )4z

increases to the maximum value of 1679 kJ.m ™2 at the sample with 2 = 0.1 and then
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Figure 5.12: Changes of the saturation magnetization at room temperature with the

XRD particles sizes of the as-prepared Mg, Sr,Mn,Co;_3,FesOy.

decreases dramatically to reach 3 kJ.m™ for the sample z = 1/3 due to reduced
anisotropy. The saturation magnetization increases to reach the maximum value of
75.03 emu/g at = 0.2 and then deceases up to 56.17 emu/g for z = 1/3.

Figure 5.14 shows the temperature dependent saturation magnetization fitted
to the modified Bloch’s law in equation 2.5.2. The Bloch exponent § = 3/2 is
valid for bulk ferromagnetic and ferrimagnetic materials at low temperatures. For
nanoparticles, 3 is larger than 1.5 due to the finite size effect [179]. Table 5.5 shows
the fit parameters to the data in Figure 5.14 with correlation coefficients of at least
0.998. We find values of 8 greater than 1.5 which are an indication of the con-
finement effects of the spin-wave spectra of magnetic nanoparticles. Simultaneous
substitution of Co by Mg, Sr and Mn is accompanied by an initial enhancement of
the magnetization Mg(0) and the parameter Tj. The increase in the magnetization

at low temperature can be attributed to the shell spin moment contributions at
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Figure 5.13: Variation of the maximum energy product (BH )., and the saturation

magnetization with the cobalt content measured at 2 K.

low temperature [180]. The temperature-dependent measurements of the hysteresis
loops reveal significant increases in coercive fields at lower temperatures as shown in
Figure 5.15. This is associated with the freezing of the blocked moments across the
anisotropy barriers [181]. The variation of the coercive field with temperature was
found to follow Kneller’s formula (see equation 2.7.2). In Figure 5.15 we show the
best fit curves to the low temperature coercive field data based on Kneller’s formula.
The insets in Figure 5.15 show that the coercivity decreases almost linearly with T
at lower temperatures. The fit parameters to the data are given in Table 5.6. For
non-interacting single domain particles with uniaxial symmetry the exponent « is
known to take a value of 0.5 and in the present case this is associated with the
sample without Co content (z = 1/3). The coercive fields for samples at = 0, 0.1,

0.2, 0.3 were found to follow T law with a = 0.77 which indicates the case of an
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assembly of randomly oriented particles [129]. Figure 5.16 shows the fit parameters
plotted as a function of composition. Both Hg(0) and Ty decrease significantly
with increase in z for Mg, Sr,Mn,Co;_3,Fe;O4 nanoferrites. The inset also shows the

existence of a strong correlation between Hc(0) and T (with x? = 0.99).
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Figure 5.14: Temperature-dependence of saturation magnetization. The solid lines

are the fitting curve according to the modified Bloch’s law.
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Table 5.5: The saturation magnetization Mg(0) at 0 K, temperature at which the
saturation magnetization is zero (7p), Bloch exponent £ and the fit curves accuracy

(x?) for Mg,Sr,Mn,Co;_3,Fe;O, samples.

v Ms(0)(emu/g) To(K)  § X
+0.1 +9  +0.04
0.0 81.2 564 2.80  0.99879
0.1 81.3 730 2.03  0.99895
0.2 94.0 631 227  0.99880
0.3 77.0 566 2.04  0.99931
1/3 71.4 704 1.81  0.99972

The sample with z = 0.2 shows a much higher saturation magnetization and
coercivity compared to MgyoMngCorFesO4 and SrgoMngCorFesO4 which have
been reported in reference [170]. Table 5.7 shows the comparison values of Mg
(emu/g) and He (kOe) at 300 K (RT) and 4 K (LT) between the present work and
that reported in reference [170].

Table 5.6: The coercivity at T' = 0 Hx(0), blocking temperature (7g), Kneller’s

constant (a) and the fit curves accuracy (x?) for Mg,Sr,Mn,Co;_3,Fe,O4 samples.

v Ho(0)(kOe) Ts(K) o %
+0.1 +4 +0.06
0.0 13.8 217 0.77 0.99484
0.1 14.9 215 0.77  0.99340
0.2 14.2 211 0.77 0.99023
0.3 6.0 135 0.77 0.99754
1/3 0.6 97 050  0.98363
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Figure 5.15: Temperature dependence of coercivity for Mg,Sr,Mn,Co;_3,FesOy
samples. The solid line is the fit curve according to the Kneller's law. The in-

set shows He(T) to obey a T dependence.
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Figure 5.16: Variation of the Hc(0) and Tp with the cobalt content for the as-

prepared samples of Mg, Sr,Mn,Co;_3,FesO4. The inset shows the Hs(0) versus

Tp.

Table 5.7: Comparison values of Mg (emu/g) and He (kOe) at 300 K (RT) and 4

K (LT) for the present work and previous work.

Sample Mg(emu/g) He(kOe) Ref
RT LT RT LT
+0.3 +£2 +0.01 =£0.01
Mgg.2Srg.oMng2CogsFesOy  75.0 921 0.32  12.30 Present work
Mgp.oMng 1 CorFes Oy 499 89.2 0.18 10.70 [170]
S1r9.2Mng 1 CorFes Oy 409 848 020  3.00 [170]
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5.4 Conclusion

XRD patterns of Mg,Sr,Mn,Coy_3,Fe;O4 (z = 0, 0.1, 0.2, 0.3, 1/3) indicate that
the simultaneous substitution of Co by Mg, Sr and Mn was achieved. Single phase
nearly spherical spinel nano-crystallites with sizes from about 8 nm were synthe-
sized. The temperature dependent measurements show interesting trends in the
saturation magnetization and coercive field. The Bloch law was fitted successfully
to the magnetization data over the entire temperature range while Kneller’s law
fits the experimental data in the range T'<Tp. Distorted hysteresis loops and en-
hancement of the coercive fields are also observed at low temperatures for samples
with z = 0, 0.1, 0.2. Significant correlation between coercive fields and the blocking
temperatures are observed in the present series of compounds with increase in z.

The reduction in cobalt content reduces both He(0) and T .
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Chapter 6

Temperature dependence of
coercive field and magnetization of
Sr1/3Mn1/3C01/3F6204 ferrite

nanoparticles

6.1 Introduction

Spinel ferrite nanoparticles can be considered to be important materials for possible
applications for recording media, telecommunications, magneto-optic devices, mi-
crowave components, high frequency devices, catalysts and biomedical applications
[182]. The studies of these materials tend to concentrate on the optimization of the
properties by looking for the best substitutions or doping with suitable elements into
either the tetrahedral (A) or octahedral (B) sites of the spinel structure. In normal
spinels, divalent elements prefer A sites while trivalent elements prefer B sites. The
resulting properties are known to depend strongly on elemental compositions, syn-
thesis method and route, particle size distribution and particle morphologies [183].
The measuring temperature also plays an important role in revealing the intrinsic

magnetic properties of the compounds.
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A typical spinel ferrite can be specified by the formula MFe,O4 where M may
represent one or more different metal ions M1, M2, M3,... . Several studies have
been reported in the literature that involve double substitutions of two different
metal ions (M1 and M2) at equal atomic proportions namely (M1), (M2);_,FesOy4
where z = 0.5 [184, 185, 186]. These compounds are considered to be at an inter-
esting composition midway between (M 1)Fe;O4 and (M2)FeyO4 which can exhibit
new and unique properties. In addition, properties for z < 0.5 and x > 0.5 can dif-
fer significantly [184]. Hence the focused attention on the compositions at z = 0.5.
The common feature of these mixed compounds (M2)g5(M2)g5Fe20y is symmetry
with regards to equality in the number of atoms (M1 and M2) that can compete
for occupation of the tetrahedral and octahedral sites in the spinel structure. We
have therefore extended these studies to simultaneous substitutions involving three
different metal ions (M1 = Sr, M2 = Mn and M3 = Co) at the unique composition
(M1)/3(M2)1/35(M3)1/3Fe;04 which belongs to a class of materials that have not
yet been widely studied.

CoFey 0y ferrites have been widely investigated and found to exhibit interesting
magnetic properties such as high coercive field and moderate magnetization [187].
Substitutions by Mn atoms cause the properties to change. Materials with larger
magneto-mechanical quality and higher sensitivity to stress are obtained [188]. In
reference [169], a study of simultaneous substitution by Mn and Sr was undertaken to
produce successfully Mng 1Srg2Cog.7FesOy4 ferrite nanoparticles, the results showed
enhanced properties. The aim was to investigate the effect of the larger Sr on the
Mn-Co ferrite. In the present chapter we have produced a novel ferrite nanoparticle
compound, Sry/3Mn;/3Co;/3Fe;O4 which possesses equal stoichiometry with respect
to Sr, Mn and Co substitutions in the spinel structure. The primary focus is on the

magnetic properties induced by the simultaneous substitutions.

6.2 Experimental details

The Sry/3Mn;/3C0;/3Fe;Oy ferrite nanoparticles were produced by glycol-thermal
technique using a Watlow series model PARR 4843 stirred pressure reactor. The
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synthesis procedures have been discussed in chapter 4. The phase and structural
characterizations of the sample was obtained by a Phillips X-ray diffractometer
type Model: PANalytical, EMPYREAN using CoKa radiation. The morphology
and micro-structure of the nanoparticles were investigated by high-resolution trans-
mission electron microscope (HRTEM) (type: Jeol.JEM-1010) and high-resolution
scanning electron microscope (HRSEM) (Ultra Plus ZEISS-FEG HRSEM instru-
ment). The synthesized elemental compositions were identified by energy-dispersive
X-ray spectroscopy (EDX). The textural and porosity characteristics of the nanopar-
ticles were investigated using a micrometrics tristar IT 3020 instrument using liquid
Ny as the analysis gas at liquid Ny temperature. A mini cryogen free measurement
system was used to perform low temperature magnetization measurements from 4

to 300 K in magnetic fields of up to 50 kOe.

6.3 Results and discussion

The XRD peaks are shown in Figure 6.1. The peaks are indexed and identified as a
corresponding to single phase spinel structure. No impurities peaks are observed in
the XRD peaks. The highest peak intensity in Figure 6.1 is the (311) peak which
was used to calculate the lattice parameter a using the equations 4.1.1 and 4.1.2.
The average crystallite size was calculated using equation 4.1.3. The microstrain
was determined using the Williamson-Hall plot [148] as shown in Figure 6.2. The
scattering of the points around the linear fitting line in Figure 6.2 suggests that the
sample has homogenous microstrain. The obtained values of the lattice parameter,
crystallite size and microstrain for the as-prepared Sry/3Mn;/3Co; /3Fe;Oy4 are found
to be 0.841£0.003 nm, 9.26£0.02 nm and 0.00144-0.0002 respectively.

The morphology of the Sry/3Mn;/3Co;/3Fe;Oy ferrite nanoparticles was investi-
gated using HRSEM and HRTEM. Figure 6.3 (A) shows that the particles have
spherical shape with some evidence of agglomeration. Typical transmission electron
microscopy images for the as-prepared Sri;3Mn;/3Co;/3Fe;Oy4 are shown in Figure
6.3 (B). The particle size was also estimated from the HRTEM image to be about

8+2 nm. The HRTEM image shows well resolved crystalline structure for the sam-
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Figure 6.1: X-ray diffraction patterns for as-prepared of Sri/3Mn;/3Co;/3Fe;Oy fer-

rite nanoparticles.

ple under investigation since the lattice fringes appear clearly in Figure 6.3 (B).
The HRTEM results are in agreement with the XRD results in terms of particle
size and structure. The results of the elemental compositions obtained by a typical
EDX scan are shown in Figure 6.4. This qualitatively confirms the presence of the
expected elements in the sample.
The texture and porosity characteristic of the as-prepared nanoparticle

Sri/3Mn; /3Coq /3Fe; Oy ferrite was determined by Ny adsorption-desorption isotherm
study. The results obtained in Figure 6.5 indicate that the material can be classified

as a mesoporous sample, as shown by the type IV hysteresis loop [189]. Figure
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Figure 6.2: Williamson-Hall plot of 3 cos § Vs 4sin 6 for Sry/3Mn;/3C0, /3Fe; Oy ferrite

nanoparticles.

6.5 also shows that the adsorption of nitrogen gas by the sample increased from 30
cm?®/g to 180.4 cm?®/g when the relative pressure P/P, changes from 0.03 to 1.0.
The pore size range is wide, since the gap between the adsorption and desorption
is rather wide. Furthermore, the pores of the sample tend to be empty as shown
by the low P/P, onset point. The surface area of the material was determined
by Brunauer-Emmett-Teller (BET) surface area measurements to be 109.3 m?/g.
This is expected, since related materials (in terms of structure) are reported to have
similar surface area [190]. The Barrett-Joyner-Halenda (BJH) pore size distribution
measurements show that most of the pore diameters are located below 50 nm (see
inset in Figure 6.5). This is additional evidence of mesoporous structure for our

sample [191].
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Figure 6.3: HRSEM (A) and HRTEM (B) images for Srq/3Mn; 3Co0;/3Fe;Oy4 ferrite

nanoparticles.

Figure 6.4: EDX measurement of the as-prepared Sry/3Mn;/3Co;/3Fe;O4 sample.

6.3.1 Magnetic measurements

Figure 6.6 displays M-H curves as a function of measuring temperature in the range
of 4 to 300 K. Saturation magnetizations Mg were calculated from the empirical ex-

pression 2.7.1 given in reference [104]. Mg increases as the temperature decreases.
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Figure 6.5: Ny gas adsorption isotherms for as-prepared Sry/3Mn;/3Co;/3Fe;Oy4 sam-

ple ferrite nanoparticle. The inset shows the pores size distribution.

Figure 6.6 also reveals distortion in the loops (near zero field) which appear to be-
come more prominent in the temperature range below 100 K. This distortion in
the loops is related to the spin freezing phenomena [169] due to significant time
dependence of the remnant magnetization. Systematic increases in the coercivity
have been observed as the temperature decreases indicating that the material be-
comes magnetically harder at lower temperature. The values of the coercive fields
change from 0.20+0.01 kOe at 300 K to 11.24+0.02 kOe at 4 K. The coercive field
is a sensitive property to the temperature of a sample. More magnetic moments
are frozen into anisotropic directions at lower temperature. As the temperature in-
creases, the value of the coercive field decreases [192]. The temperature dependency

of the coercivity can be explained based on the effects of thermal fluctuations of the
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blocked moments across anisotropy barriers [193]. Figure 6.7 shows the variation of
coercivity with measuring temperature. The spin freezing effect is dominant at low
temperature particularly below the blocking temperature Ts. This can arise due to
exchange coupling between the core and surface spins. The temperature dependence
of the coercive field in this case can be expressed in terms of Kneller’s law expressed
by equation 2.7.2 [192]. In the present case Kneller’s law appears to fit the exper-
imental data in Figure 6.6 well below about 200 K. The fit parameters Ho(0) and
Tg to Kneller’s law in Figure 6.7 are 14.0+£0.3 kOe and 22349 K respectively. The
inset in Figure 6.7 depicts a linear variation of Hq(0) with T/ as expected with a

high correlation coefficient of 0.99398.
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Figure 6.6: Hysteresis loops of Sry/3Mn;/3C0,/3Fe;04 ferrite nanoparticles as a func-
tion of measuring at various temperatures in the range 4 to 300 K in the external

magnetic field up to £50 kOe.

The variation of the remanent magnetization (M,) and the reduced remanent
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Figure 6.7: Coercivity ~ temperature  dependence for  as-prepared
Sri/3Mn; /3Coq 3Fe;Oy ferrite nanoparticles.  The red line shows the fit curve

according to modified Kneller’s law. The straight red line in the inset shows the

T'/? dependence.

magnetization (M, /Mg) with temperature are shown in Figure 6.8. Both M, and
M,/ Mg decrease as the temperature increases indicating that the magnetic anisotropy
strength reduces at higher temperature [194]. For non-interacting single domain
particles with randomly oriented easy axes M, /Mg takes a value of 0.5 for uniaxial
anisotropy and 0.832 for cubic anisotropy according to the Stoner-Wohlfarth theory
[195]. The inset in Figure 6.8 shows that the values of M, /Mg for our sample exceed
0.5 but is less than 0.832. This implies both cubic and uniaxial anisotropy.

Figure 6.9 shows the temperature dependence of the saturation magnetization
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temperature of Sr;/3sMn;/3Co;/3Fe;Oy ferrite nanoparticles. The inset shows the
variation of the reduced remanence magnetization (M, /M) with the measuring

temperature.

Mg(T') which we attribute to spin wave excitations. Below the Curie temperature
the magnetization is usually described in terms of the Bloch’s law following equation
2.5.2 [196]. It is well known for bulk materials that the exponent takes the value of
3/2. However, due to the finite size effect of the nanoparticles, the magnetization
tends to deviate from pure Bloch’s law [197]. In Figure 6.9 there is a slight increase
in the magnetization below about 40 K. This increase is attributed frozen surface
spins [198]. The best fit to the data in Figure 6.9 is the so-called modified Bloch’s

law expressed as follows

Mg(T) = Ms(0)[1 — (T/Ty)? + Aexp(T/Ty)] (6.3.1)
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where A and T} are experimental parameters which depend on the nanoparticle size.
The parameter A represents the contribution from surface spins to the magnetization
Mg [198]. The results extracted from the fit in Figure 6.9 are presented in Table
6.1.
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Figure 6.9: Magnetization temperature dependence for Srq/3Mn; 3Co,/3Fe;04 ferrite

nanoparticles. The red line shows the fit curve according to Bloch’s model.

Table 6.1: The fitting parameters based on the modified Bloch’s law model for the

as-prepared Srq/3Mn; /3C0;/3Fe;04 ferrite nanoparticles.

Parameter Mg(0) Ty, S A Ty X

+0.1  £13 +£0.06 1
(emu/g)  (K) (emu/g)  (K)
Value 82.7 672 2 096 17 0.9996
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6.4 Effect of annealing process on structure and
magnetic properties of Sr;;Mn,;3Co;/3Fe;0,

ferrite nanoparticles

6.4.1 Structural investigation of Sr;;3Mn,;3Co,/3Fe;O, fer-

rite nanoparticles annealed at different temperatures

We have studied the influence of annealing temperature on the structure and mag-
netic properties of the Srq/3Mn;/3C0,/3Fe;0y4 ferrite nanoparticles initially synthe-
sized at 200 °C. Figure 6.10 shows X-ray diffraction (XRD) results of the

Srq/3Mn; 3Co4 /3Fe;04 samples annealed at different temperatures (7%4) of 300 °C,
400 °C, 500 °C and 600 °C. It is clear that the spinel phase structure collapses at
T4 = 600 °C. We suspect the additional peaks that appear at 600 °C to be due to
an impurity phase such as a-Fe,O4 [57]. We have investigated the microstrain of
the annealed samples based on the Williamson-Hall plot as shown in Figure 6.11.
The values of the lattice parameter a, crystallite sizes D xgp and lattice-strain ¢ for
the as-prepared and the annealed samples of Sr;/3Mn;/3C0;/3Fe;Oy at different tem-
peratures are given in Table 6.2. The crystallite sizes increase from 9.34+0.1 nm to
20.6+£0.1 nm with increase in annealing temperature from 200 °C to 500 °C, respec-
tively. The microstrain € values decrease from 0.0014+0.0002 to 0.0009+0.0002 as
T4 increases from 200 °C to 500 °C respectively. We attribute decreases in € value to
the reduction of defects and internal stresses [199]. The lattice parameter decreased
slightly after annealing at Ty = 300 °C and subsequently increased with increasing
T,. That the as-prepared sample appears to be more strained due to the initial
synthesis condition. Hence, annealing temperature might lead initially to internal
thermal relaxation that causes drop in lattice parameter followed by an increase.
Figure 6.12 shows the variation of crystallite sizes D and microstrain € with anneal-
ing temperature. The morphology of the annealed samples was studied by HRSEM
(Figure 6.13) and HRTEM (Figure 6.14). The images show increases in particle sizes
as annealing temperature increases. However, the annealed nanoparticles appear to

have regular shape and good particles distribution.
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Figure 6.10: XRD patterns for Sry/3Mn; 3Co;/3Fe;Oy4 ferrite nanoparticles annealed

at different temperatures.

Table 6.2: Annealing temperatures T4, Lattice parameters a, XRD crystallite sizes

and microstrains ¢ for the annealed Sry/3Mn;/3Co;/3Fe;Oy ferrite nanoparticles.

Ty a(;l) D xgp(nm) €
+0.01 +0.1 +0.0003

200 °C 841 9.3 0.0014

300 °C ~ 8.37 10.2 0.000948
400 °C  8.39 11.4 0.000945
500 °C  8.41 20.7 0.000900
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Figure 6.11: Williamson-Hall plot of 3 cos @ versus 4sin 6 for Sry/3Mn;/3Co;/3FesOy

ferrite nanoparticles.
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Figure 6.12: Variation of crystallite sizes and microstrain with annealing tempera-

ture for Srq/3Mn; 3C0;/3Fe;0, ferrite nanoparticle.

107



100mm  EMT=2000kV Signal A = InLens
F——  wmag=23202kx WD = 36mm

e SR ) e s & s
i ZEISS|
F—— wag=23097Kx WD = 55mm W WD = 24 mm Mag = 22062 K X .

Figure 6.13: HRSEM images for Sri/;3sMn;/3Co;/3Fe;Oy ferrite nanoparticles an-

nealed at different temperatures.

Figure 6.14: HRTEM images for Sry/;3Mn;/3Co,/3Fe;Oy4 ferrite nanoparticles an-

nealed at different temperatures.
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6.4.2 Magnetic study of Sr;;3sMn, 3Co,,3Fe;O, nanoparticles

ferrite annealed at different temperatures

Figure 6.15 shows room temperature >"Fe Mdossbauer spectra for the as-prepared
and samples annealed Sry/3Mn;/3Co;/3Fe;0y4 ferrite nanoparticles at different tem-
peratures. The spectra were fitted with two Zeeman sextets this associated with Fe
ions in tetrahedral A and octahedral B sites. The magnetic hyperfine parameters
deduced from the fitted spectra are presented in Table 6.3. The obtained values
of isomer shifts § show only Fe3* ions. This implies that annealing process does
not change the oxidation state of Fe ions. The isomer shifts change only slightly
with increasing in T4. The values of magnetic hyperfine fields are high indicative
of strong super-exchange interaction between magnetic moments. On A site we ob-
served an initial reduction at T4 = 300 °C followed by increase in H,4 at higher
Ts. At octahedral B site, Hg increases from 47542 to 48741 kOe as the annealing
temperature T}y increases from 200 °C to 500 °C respectively. Figure 6.16 shows the

variations of magnetic hyperfine fields with annealing temperature T'4.
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Figure 6.15: Room temperature *"Fe Mossbauer spectra for the as-prepared and

samples annealed at different temperatures of Sry/3Mn; /3Co; /3Fe; Oy ferrite nanopar-

ticles.
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Table 6.3: Annealing temperatures T4, Isomer shifts (), hyperfine magnetic fields
(H), line widths (T") and Fe*" fraction population (f) on A-site and B-site for the as-
prepared and samples annealed at different temperatures of Sry/3Mn;/3Co;/3FesOy

ferrite nanoparticles.

Ty d(mm/s) H(kOe) ['(mm/s) f(%)
0a 0p Hy Hp Ty I'e  fa JB
+0.02 +0.02 4+6 +£2 £0.08 +0.1 £5 +7
200 °C  0.36 0.32 436 475 046 0.20 53.2 46.8
300 °C  0.31 0.31 426 477 032 0.29 342 65.8
400 °C  0.42 0.31 448 480 0.37 0.23 59.1 40.9
500 °C  0.45 0.29 457 487 0.36  0.15 67.5 32.5
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Figure 6.16: Variation of H and Hp with Ty for Sri;3Mn;/3Co;/3Fe;Oy ferrite

nanoparticles.

Figure 6.17 shows room temperature M-H loops for the as-prepared and for
annealed samples. The magnetic parameters Mg, Ho, M, and M, /Mg are presented
in Table 6.4. The magnetization increased from 67.5+0.4 to 71.94+0.4 emu/g as

the annealing temperature increased from 200 °C to 500 °C and the corresponding
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coercive fields increased from 0.24+0.03 to 9.2+0.03 kOe respectively. Figure 6.18

shows variation of Mg and Ho with Ty measured at 300 K.
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Figure 6.17: Room temperature hysteresis loops for the as-prepared and samples
annealed at different temperatures of Sry/3sMn;/3Co;/3Fe;0y4 ferrite nanoparticles.

The inset shows the magnification around the origin.

Table 6.4: Magnetic parameters obtained at room temperature for the as-prepared
and samples annealed at different temperatures (74) of Sry/3Mn; /3C0,/3Fe; 04 ferrite

nanoparticles.

Ty Mgs(emu/g) He(kOe) M,.(emu/g) M, /M;

+0.4 £0.02 +3
200 °C 67.46 0.24 8 0.12
300 °C 61.29 3.88 8 0.13
400 °C 70.39 5.10 12 0.17
500 °C 71.94 9.22 20 0.28
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Figure 6.18: Variation of Mg and H¢ with T4 for Sri/sMn;/3Coq/3FeOy ferrite

nanoparticles measured at 300 K.

6.5 Conclusion

The Sry/3Mn; 3C0;/3Fe;04 nanoferrite was successfully produced by glycol thermal
method. The simultaneous substitution of Sr;, Mn and Co leads to a slight increase
in the lattice parameter from 0.836+0.001 nm (for SrgoMng;Cog7FesO4 [169]) to
0.84140.003 nm. The BET and BJH measurements show high surface area property.
The temperature dependence of the saturation magnetization follows the modified
Bloch’s law. Evidence of spin freezing has been observed as indicated by some distor-
tion in the magnetic hysteresis loops and increased coercivity at lower temperature.
The temperature dependence of the coercive fields follow Kneller’s law below about
200 K. We have also found significant increases in the coercive field at room tem-
perature from 0.045 kOe (for Mng; Srg2CogrFesO4 [169]) to 0.20£0.01 kOe in the
current compound. At 4 K the coercive field increased from 3.0 kOe to 11.2440.02
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kOe and corresponding crystallite sizes increased from 8.06+0.01 nm to 9.26+0.02
nm. We can attribute the increase in crystallite size to the increase in coercive fields.
The sample is highly affected by the annealing temperature and the crystallite sizes
increase from 9.3+0.1 nm to 20.6+£0.1 nm for samples annealed at 200 °C and 500 °C
respectively. The annealed samples show mono-dispersive characteristics indicated
by HRSEM and HRTEM images. Increasing the annealing temperature affects the
s-electrons, but does not change the oxidation states of Fe atoms as confirmed by
isomer shift values. Thermal annealing increases the coercive field significantly from
0.2440.03 to 9.2+0.03 kOe after annealing at 200 °C and 500 °C respectively which

we associate with increase in crystallite sizes for single domain particles.
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Chapter 7

Synthesis and characterization of
Baj 5Co( sFeoO,4 nanoparticle
ferrites: Application as
electrochemical sensor for

ciprofloxacin

7.1 Introduction

Cobalt based ferrites have emerged as attractive materials due to their interesting
physical, chemical, magnetic and electrical properties. Spinel structured cobalt fer-
rite (CoFeqOy) possesses significant properties such as large anisotropy, high coercive
field, moderate saturation magnetization, chemical stability and good electrical con-
ductivity [200]. These properties provide applications of CoFe;Oy in various fields
such as electronics, photomagnetism, catalysis, ferrofluids, in cancer therapy as well
as agents for molecular magnetic resonance imaging [201]. More recently, CoFeyOy4
nanoparticles have been utilized in the area of electroanalysis due to their apprecia-
ble electrocatalytic activity, high surface area and low cost of production [202, 203].

The effect of different elements on the characteristics of CoFesO4 have been well ex-
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plored in the past [204]. However, investigation of substituted CoFe,O4 by various
other elements still remains a subject of popular investigation. Barium ferrites have
been found to possess numerous applications in magnetic storage media, catalysis,
permanent magnets, pigments, magneto-materials and for the absorption of electro-
magnetic waves [205]. Due to large atomic size (atomic radius ~2.78 A) and high
chemical reactivity of barium (Ba) as compared to cobalt (Co) (atomic radius ~1.67
A), we envisaged substituting Co with Ba in order to form Bag 5Cog 5FesO4 nanopar-
ticles, and subsequently investigate the effect of the Ba atom on the ferrite structure
and its electrochemical properties. A suitable synthesis route was required in order
to minimise the lattice deformation that could occur due to the size mismatch be-
tween Co and Ba. The glycol thermal technique was chosen for the synthesis of the
nanoparticles because of the relatively low reaction temperature of the technique
[206].

Ciprofloxacin, (1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)
-3-quinoline carboxylic acid (Figure 7.1), is a second-generation fluoroquinolone drug
employed for treatment of different kinds of bacterial infections in the body [207,
208]. It is also used for treating people having anthrax infection after inhalational
exposure [209].

O O
F

)

Figure 7.1: Scheme illustrates the chemical structure of CFX.

| OH

Adverse effects of the drug include swelling or tearing of a tendon, especially the
Achilles” tendon of the heel, toxic epidermal necrolysis, Stevens-Johnson syndrome,
aggravation of muscle weakness in patients having neurological disorder myasthe-
nia gravis leading to breathing problems, agranulocytosis, thrombocytopenia and
myelosuppression [210, 211, 212, 213]. An overdose of ciprofloxacin results in severe

hepatotoxicity [214]. Thus, it is essential to quantify ciprofloxacin (CFX) in human
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plasma/serum/urine to monitor drug accumulation in patients with hepatic dysfunc-
tion or for diagnosis of CFX poisoning in severe overdose victims. CFX analysis also
plays a critical role in drug quality control. Hence, there is a need to develop reliable,
sensitive, simple and rapid methods for the determination of CFX in pharmaceutical
preparations and body fluids. Many methods such as spectrophotometry, fluorome-
try, high-performance liquid chromatography and voltammetry have been reported
for the analysis of CFX [215, 216, 217, 218, 219, 220]. Electrochemical analytical
methods have attracted considerable attention in the field of drug analysis, with
the last few decades having witnessed modification of the electrode surface using a
variety of nanomaterials for effective determination of the electroactive species of
interest. Literature survey reveals that CoFe,O4 nanoparticle modified electrodes
have been considerably used in electroanalysis. Malviya et al. [221] fabricated
a polypyrrole and CoFe;O4 nanoparticle composite electrode and employed it as
an electrocatalyst for the reduction of oxygen. CoFe,O, spinels were synthesized
and reported to demonstrate electrocatalytic activity towards reduction of oxygen
and nitric oxide [222]. Later, a [-cyclodextrin-cobalt ferrite nanocomposite based
electrochemical sensor was fabricated for the successful detection of catechol [202].
Paracetamol was also determined voltammetrically using CoFe,O4 and Ni- substi-
tuted CoFe;O4 nanoparticle modified glassy carbon electrode [223, 224]. However,
to the best of our knowledge, there is no report on the synthesis of Bag 5CogsFesOy4
nanoferrite and investigation of its electrochemical sensing property. Thus, the
present chapter aims to synthesize Bags5CogsFe;O, ferrite nanoparticles by glycol
thermal method and to develop a sensitive electrochemical sensor for CFX based
on the novel Bag;CogsFe;04 nanoparticles modified glassy carbon electrode (nano

Ba0.5COQ,5FGQO4/GCE) .

7.2 Experimental details

Bag 5Cop 5Fe;04 nanoferrite was synthesized by the glycol-thermal method in a Wat-
low series model PARR, 4843 stirred pressure reactor. The starting materials were

high purity metal chlorides. The synthesis procedures were discussed in chapter 4.
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The phase and structural characterizations of the sample were obtained on a Phillips
X-ray diffractometer type Model: PANalytical, EMPYREAN using CoKa radiation.
The morphology and micro-structure of the nanoparticles were investigated on a
high-resolution transmission electron microscope (HRTEM) (type: Jeol JEM-1010)
and high-resolution scanning electron microscope (HRSEM) (Ultra Plus ZEISS-FEG
HRSEM instrument). The textural and porosity characteristics of the nanoparticles
were investigated using a micrometrics Tristar IT 3020 instrument using liquid Ny
as the analysis gas at 77 K. CFX and potassium ferricyanide were purchased from
Sigma-Aldrich, USA. Other chemicals used for voltammetric experiments were of
analytical reagent grade and used without further purification. A stock solution
(1.00 x 1072 M) of CFX was prepared by dissolving the drug in double distilled
water. The studies were conducted in 0.1 M phosphate buffer solution (PBS) at
pH 7.2. Prior to each experiment, pure Ny was purged into the solution containing
CFX for 5 minutes. All the electrochemical measurements were performed using an
electrochemical analyzer (Model 800B Series, CH Instruments, Inc.) as shown in
chapter 4. A three-electrode system was employed, which consisted of a reference
electrode (Ag/AgCl), a counter electrode (platinum wire) and a working electrode.
The working electrode was glassy carbon electrode (GCE), CoFe,O4 nanoparticles
modified GCE (nano CoFe;O4/GCE) or Bags5CogsFesO, nanoparticles modified
GCE (nano Bag5Cog5Fe20,/GCE). Cleaning of the GCE was discussed in chap-
ter 4. A 2.0 mg mL~! suspension of CoFe;O4 or Bag;Cog5Fe;O4 nanoparticles in
water was prepared. 5.0 uLi of the respective suspension was cast onto the surface
of the cleaned GCE surface and dried to constitute nano CoFe,O,/GCE and nano
Bag5Cog5Fe204/GCE, respectively.

7.3 Results and discussion

7.3.1 Characterization of Bay;Coy5Fe;O, nanoparticles

Figure 7.2 confirms the single phase structure of the synthesized novel Bag 5Cog 5FesO4
ferrite nanoparticles with no impurity peaks. The peaks were indexed to the cubic

spinel structure of CoFe,O4 (JCPDS file No. 22-1086) [55]. The lattice parameter
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a was calculated using equation 4.1.1 [146]. The average crystallite size was calcu-
lated using the Scherrer’s equation 4.1.3. The microstrain was determined using the
formula 4.1.5. The calculated values of the lattice parameter, crystallite size and
microstrain for the as-prepared Bag;Cog 5FesO4 were found to be 0.8384+0.003 nm,
7.440.1 nm and 0.0016£0.0001, respectively.
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Figure 7.2: X-ray diffraction patterns for the as-prepared BagsCogsFe;O, ferrite

nanoparticles.

The effect of incorporating Ba into CoFe;O,4 on the morphology was studied by
high resolution transmission electron microscopy (HRTEM) and the high resolution
scanning electron microscopy (HRSEM), as shown in Figure 7.3. The lattice fringes
are well defined suggesting well-formed crystalline structure of the nanoferrite parti-

cles, as displayed in Figure 7.3 (A). Furthermore, a high magnification image scale of
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10 nm shows that the particles tend to have almost spherical shapes. The HRTEM
results were found to be in good agreement with the XRD data. In both techniques
evidence of crystallinty is observed. The HRTEM image was also used to deduce the
particle size that was calculated to be 742 nm. This value is close to the crystallite
size calculated from XRD results. The HRSEM image display the surface morphol-
ogy of the particles as depicted in Figure 7.3 (B). No significant difference in the
shape of the particles was noted and on average the particles are homogeneously

distributed.
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Figure 7.3: HRTEM (A) and HRSEM (B) images for the as-prepared

Bag 5Cog 5FesOy4 ferrite nanoparticles.

The Brunauer-Emmet-Teller (BET) surface area measurement of the nanoferrite
sample showed a high value of 137 m?/g. N, adsorption-desorption measurement
was used to investigate the textural and character of the pores of the synthesized
Bag 5Cog5Fe;04 sample. At a relative pressure (P/Fy) of 3%, the adsorption of Ny
increased from 25.4 cm?/g to reach its maximum value of 152.2 cm?®/g at P/P; of
100%. As the relative pressure reduces, the desorption isotherm decreases but follows
a new path that is different from the adsorption one and shows a hysteresis loop
due to the condensation of the Ny in the sample pores [190]. Moreover, below P/ P,
~50% the adsorption and desorption branches join together to form a reversibility

curve. Since the hysteresis loop covered a wide range of P/P, values, the pores are
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expected to be large [225].

Furthermore, the gap between the adsorption and desorption paths in Figure 7.4
are wide and can be associated with wide pore sizes. The sample pores appear to
be empty up to P/Py ~ 0.5. Figure 7.4 also depicts type IV isotherm hysteresis
loop that indicates the onset of mesoporous property of the Bag 5Cog sFe;O4 sample
[189]. The distribution of the pores in the sample was investigated by the Barrett-
Joyner-Halenda (BJH) measurement, as shown in the inset of Figure 7.4, with most
of the points in BJH plot located in the range between 3-30 nm, which strongly
hints towards mesoporous property of the sample [191]. In addition, the sharpness

of the peak indicates homogeneous porosity of the sample.
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Figure 7.4: Ny gas adsorption isotherms for the as-prepared Bag5Coqg5FesOy ferrite

nanoparticles. The inset shows the pore size distribution.
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7.3.2 Magnetic measurements

Figure 7.5 shows the room temperature Mossbauer spectra for the as-prepared
CoFe; 04 and Bag 5Cog 5FesO4 nanoparticles. Two sextets associated with Zeeman
splitting have been used to fit the spectra. The CoFe;Qy is included as a reference.
The sextets indicate the ordered magnetic state of a sample. The best fit parameters
to the data are give in Table 7.1. The values of the isomer shift decrease after doping
with Ba only in the A site, indicating the increase in the s-electrons on that site due
to the presence of Ba atoms. Because of the large bond separation between Fe?*
ions and O~2 ions on octahedral site and reduced orbital overlapping, the value of
the isomer shift in the tetrahedral (A) site is lower than on the octahedral (B) site
[226]. Evidence of the existence of Fe*™ ions can be proved from isomer shift values
which are in the range of 0.1-0.5 mm/s [227]. The values of the hyperfine fields from
CoFey04 to BagsCogsFeaO4 decreased from 454 to 443 kOe at A site and from 485
to 478 kOe at B site for the CoFe,O4 and Bag;Cog sFesOy, respectively. However,
the values of the hyperfine fields are still high as expected, due to super-exchange
interaction between the atoms [228]. The values of line widths w hardly change on
the A site but change significantly from 0.24 to 0.31 mm/s on the B site indicating
wide broadening in the octahedral site. Furthermore, the values of Fe3* fraction
population f increased at A site to 55%, whilst at B site it decreased to 45%. The
[ values of the parent material (CoFe;Oy4) are at 50% for both sites (as reported in
chapter 5). Therefore, the values of line width and f show that the Ba atoms have
higher preference for the octahedral sites.

Figure 7.6 shows typical M-H loops for the as-prepared Bag ;Cog 5Fe,O4 sample.
The magnetic measurements were carried out in external magnetic fields of +50
kOe. The magnetic hysteresis loops were measured at different temperatures in the
range of 4 to 300 K. Full saturation of the magnetization is not achieved especially
at low temperature which we attribute to spin canting effect. The magnetizations
obtained at 300 K and at 4 K at the highest applied field were 69.4+0.3 emu/g and
84.3+£0.5 emu/g, respectively. The coercive field increases from 0.20£0.03 kOe to
13.0040.06 kOe between 300 K and 4 K respectively. The hysteresis loops in Figure

7.6 show that the sample becomes magnetically harder at lower temperature associ-
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Figure 7.5: Room temperature Mossbauer spectra of CoFe,O4 and Bag5CogsFesOy

ferrite nanoparticles.

Table 7.1: Isomer shifts (0), hyperfine magnetic fields (H), line widths (I') and
Fe?" fraction population (f) on A-site and B-site for the as-prepared CoFe,O, and

Bag 5Cog 5FesO4 samples.

Sample d(mm/s) H (kOe) ['(mm/s) f(%)
oA 0p Ha Hp Ta I'e  fa Jp
+0.03 +£0.01 +£7 +2 40.07 £0.05 £1 =2
CoFe; Oy 0.31 0.31 453 485 0.32 0.24 50 50
Bag5Cop5FesO4  0.30 0.31 443 478 0.30 0.31 55 45
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ated with spin freezing effect. Below 80 K we see clear distortions in the hysteresis
loops which become more prominent at lower temperature. This distortion can be
explained in terms of a combination of soft and hard magnetic phases. Disorder of
the spins in surface layers of the nanoparticles can be responsible for the hysteresis

loop distortions [229].

—4K :
- 40 K

—80K

150 K
— 200K
1 280 K
— 300 K

o0
-
|

AN
-
|

=

Magnetization (emu/g)

1

oo

-
|

20 0 20 40
Magnetic field (kOe)

Figure 7.6: Hysteresis loops for as-prepared Bag;CogsFesO4 ferrite nanoparticles

-40

measured at different temperature.

Zero field cooling (ZFC) and field cooling (FC) magnetization measurements
were performed using the mini cryogenic free magnetization measurement system.
The sample was first cooled to 2 K in zero field and the measurements obtained
while raising the temperature to 300 K. Similarly, FC measurements were obtained
after cooling the sample in magnetic fields of 1 kOe and 10 kOe. Figure 7.7 shows
ZFC and FC of the as-prepared Bag 5Coq 5FesOy4 ferrite nanoparticles. The ZFC and
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FC curves separate at a finite temperature around 289 K and 200 K as shown in
Figure 7.7 at 1 kOe and 10 kOe, receptively. Clearly, the blocking temperature Ty
values decreased at higher field cooling. The separation between ZFC and FC are

known to be associated with magnetic anisotropy barriers [230].
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Figure 7.7 ZFC and FC measured at 10 kOe and 1 kOe for as-prepared

Bag 5Cog 5Fes Oy ferrite nanoparticles.
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7.4 Influence of annealing process on the struc-
ture and magnetic behavior of
Ba,;Co5Fe;O, nanoparticles

The influence of annealing temperature on the structure and magnetic properties of
Bag 5Cog 5Fes Oy ferrite nanoparticles was also investigated. Different batches of the
sample were annealed at different temperatures (300 °C, 400 °C, 500 °C, and 600
°C) under flowing argon gas (purity: 99.999 %). Figure 7.8 shows the XRD patterns
as a function of synthesis and annealing temperatures. The position of the peaks

are indexed according to the spinel structure of CoFe,O4 (JCPDS file No. 22-1086).
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Figure 7.8: XRD patterns for Bag5Cog5Fe;O4 nanoparticle ferrites.
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The peaks become sharper as the temperature increases up to 500 °C. This
indicates an increase in the particle sizes and enhanced crystallinity. At 600 °C
additional peaks appear which are suspected to be due secondary phases such as of
a-FeyOy [57]. The lattice parameter a were calculated using Bragg’s equation 4.1.1.
The average XRD crystallite sizes D xrp was calculated using Scherrer’s equation
4.1.3. The XRD densities of the samples pxrp were calculated using the equation
4.1.4. The microstrains € were determined using the equation 4.1.5. The calculated
values of a, Dxgrp, pxrp, HRTEM particle sizes Dygrrpy and € for as-prepared
Bag5Cop5Fes04 and the annealed samples at different temperatures are given in

Table 7.2.

Table 7.2: Lattice parameters a, XRD crystallite sizes Dxgrp, HRTEM particle
sizes Dy rrenm, X-ray densities and microstrains ¢ for the annealed Bag 5Cog 5FesOy

nanoparticle ferrites.

TA (OC) a(A) DXRD(HHI) pXRD(g/cm3) DHRTEM(nm) 19

£0.01 £0.01 +0.001 +3 £0.0002
200 8.379 7.40 6.183 10 0.0016
300 8.366 7.68 6.212 13 0.0006
400 8.367 10.79 6.210 15 0.0005
500 8.389 27.05 6.161 21 0.0003

After annealing at T4 = 300 °C, the lattice parameter decreased slightly and
subsequently increased with further annealing to 500 °C. This can be explained as a
result of higher surface defects at low annealing temperature and subsequent increase
in particle size and crystallinity expected at higher T4 [231, 232, 232]. Since the Ba
atom is relatively larger (atomic radius 2.78 A) than Co atom (atomic radius 1.67
A), suspected defects in the sample could be caused be Ba atoms which may initially
substitute at the tetrahedral site. Figure 7.9 shows the variation of the crystallite
size and the microstrain with annealing temperature. The crystallite size increases
from 7.440.1 nm to 27£0.2 nm with increase in annealing temperature from 200
°C to 500 °C, respectively. The microstrain values decrease from 0.0016+0.0001 to
0.0004+0.0001 as T4 increases which we attribute to the reduction of defects and
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internal stress relaxation [199].
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Figure 7.9: Variation of crystallite size and the microstrain with annealing temper-

ature for Bag5Cog5FesO4 nanoparticle ferrites.

The effect of the annealing temperature on the morphology of Bag5Cog5FesOy
nanoparticle ferrites was studied through HRSEM and HRTEM images which show
quasi-spherical-like shaped nanoparticles. The increase in the particle sizes due to
increases in 7'y is observed in the images presented in Figures 7.10 and 7.11. The
nanoparticles appear to be uniformly distributed. Figure 7.11 shows crystalline
enhancements of the nanoparticles defined by lattice fringes. The particle sizes
calculated using HRTEM images are also presented which show an increase with

Ty.
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Figure 7.10: HRSEM images for the as-prepared Bag5Cog 5Fe;O4 samples annealed

at different temperatures.

Figure 7.11: HRTEM images for the as-prepared Bag 5Cog5FesO4 samples annealed

at different temperatures.
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Figure 7.12 shows room temperature Mossbauer spectra for the Bag 5Cog sFesOy
samples which were fitted by two sextets corresponding to the presence of Fe?* ions
at the tetrahedral A and octahedral B sites [233]. Significant changes in the hyper-
fine parameters given in Table 7.3 are observed. The isomer shift values obtained
from the fitting curves confirm the presence of only Fe*" ions [227]. The orbital
overlapping of Fe3t on B site is smaller compared to A site, thus, the bond sep-
aration is anticipated to be larger at B site. Hence, the value of the isomer shift
at B site is expected to be larger than an A site [226] as observed in Table 7.3.
The changes in the isomer shift values with 7T indicate that the s-electrons in the
sample are hardly affected by temperature [234]. The values of the hyperfine fields
are due to the super-exchange interaction between the atomic moments [228]. The
higher values of the hyperfine fields correspond to the B site while the lower value
is associated with A sites. Hyperfine field values appear to increase with increasing
T4 which we relate to the increase in the particle sizes [235]. The hyperfine fields
increase and reach the highest values of 479 kOe and 514 kOe at A and B sites, re-
spectively after annealing at 500 °C. The variation of hyperfine fields at tetrahedral
site H4 and octahedral site Hg with the annealing temperature T4 are presented in
Figure 7.13. A significant changes in the line widths occur only after annealing the
sample at 300 °C. No significant changes occur at higher annealing temperature.
The calculated values of the isomer shift (¢), hyperfine field (H), line width (') and
the Fe?" site fraction populations (f) are also given in Table 7.3.

The magnetization measurements consisted of isothermal initial magnetization
curves and hysteresis loops. The hysteresis loop measurements are presented in
Figure 7.14. The saturation magnetization (Mg) were determined from initial mag-
netizations by fitting an empirical law of approach to saturation presented elsewhere
[236]. The results deduced from the hysteresis loops and initial magnetization curves
at 300 K are presented in Table 7.4. In Figure 7.15 we show the influence of annealing
temperature on the deduced Mg and coercive fields Ho based on the magnetization
measurements at 300 K. The results show significant correlation between Mg or Heo

with T4. The saturation magnetization Mg decreases as T increases up to 600 °C.
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Figure 7.12: Mossbauer spectra for Bag5Cog 5FesOy ferrite nanoparticles measured

at room temperature.

Table 7.3: Isomer shifts (&), hyperfine magnetic fields (H), line widths (') and Fe**

fraction population (f) on A-site and B-site for Bag 5Coq 5Fe;O, ferrite nanoparticles.

Sample d(mm/s) H (kOe) ['(mm/s) f(%)
o4 b Ha Hp Ta I'p fa I
+0.03 £0.04 £9 +4 +0.09 +0.08 £3 £7
200 °C  0.30 0.31 443 478 0.60 0.31 545 45.5
300 °C  0.14 0.32 457 469 0.34 0.22 428 57.2
400 °C  0.26 0.32 461 490 0.36  0.23 51.7 48.3
500 °C  0.30 0.36 479 514 0.33 0.17 61.5 38.5
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Figure 7.13: Variation of H4 and Hp with T4 for Bag5Cog5Fe;O4 ferrite nanopar-

ticles measured at room temperature.
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ferrite nanoparticles.
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Table 7.4: Saturation magnetization (Mg), coercive field (H¢), remnant magneti-
zation (Mp) and squareness of magnetization loops (Mg/Ms) for Bag;CogsFesOy

measured at 300 K.

Ty  Mg(emu/g) Hc(Oe) Mpg(emu/g) Mpg/Ms
+0.4 +2 +1
200 °C 69.5 153 7 0.09
300 °C 66.7 779 14 0.20
400 °C 61.3 923 12 0.18
500 °C 53.2 1642 21 0.39
600 °C 39.6 802 8 0.01
72 1.8
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Figure 7.15: Effect of T4 on Ho and Mg at 300 K for BagsCogsFesO,4 ferrite

nanoparticles.
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The decrease in Mg can be attributed to changes in the degree of inversion (transfer
of Fe** ions between A and B sites) with increase in particle size [42]. In addition,
uncompensated surface spins for smaller particles can cause reduction in the mag-
netization with increasing 74 [237]. The coercivity on the other hand, increases as
T4 increases and reaches a maximum at 500 °C. This is in line with transformation
from single to multi-domain structure for which H- may rise to a maximum value at
a critical particle size. The decrease in Hg for T4 = 600 °C can be associated with
the onset of an impurity and bulk phases as indicated in the corresponding XRD
pattern in Figure 7.8. The magnetization measurements also reveal the sensitivity
of the properties on the measuring temperature. Figure 7.14 shows that the mag-
netizations measured at 4 K are much larger than at 300 K. This is attributed to
contributions of the surface spins at low temperature which become less important
with increase in T4 or particle size [238]. The hysteresis loops also show significant
increases in the Ho and remanence magnetization (M,) at 4 K which we associate
with spin freezing effects. Some distortion of the hysteresis loops showing significant
time dependence of M, at 4 K are observed. Distortions in the hysteresis loops can
arise in a magnetic material with mixed soft and hard magnetic phases with sur-
face spin canting [229]. In Figure 7.16 we show the temperature dependence of the
coercive fields Ho(T) for the as-synthesized and annealed samples. For relatively
wide range of measuring temperature as shown in Figure 7.16, we find that the co-
ercive fields decrease almost linearly with increasing measuring temperature. The
data were fitted according to the equation Ho(T) = He(0)[1 — (T'/Tp)]. This is
associated with random distribution of easy axes [174]. A linear fall off (1 —(7'/T%))
for coercive fields has also been observed in Fe,O3 nanoparticles [239]. The extrap-
olated results from fitted curves are reported in Table 7.5. The coercive fields at
T = 0 are found to increase by increasing the annealing temperature T4 as shown
in Figure 7.17. This might be associated with the increase in particle sizes. The
blocking temperature T’z also increases by increasing the annealing temperature T’y
as shown in the inset of Figure 7.17 .

The temperature dependence of the remanence M, (T") is shown in Figure 7.18.

In the Stoner-Wohlfarth model the squareness ratio M, /Mg is 0.5 for non-interacting
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single-domain particles with randomly oriented easy axes. The particles are assumed
to interact via magnetostatic interaction when M, /Mg is less than 0.5. The exchange
interaction is assumed to dominate when the ratio M,/Mg exceeds 0.5. M, /Mg
of 0.83 has been reported to represent particles with cubic anisotropy [240]. The
inset in Figure 7.18 shows clearly that M, /Mg values for the present set of samples
are greater than 0.5 at low temperatures which signifies tendency towards cubic

anisotropy, and existence of stronger exchange interactions.
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Figure 7.16: Temperature dependence of coercive fields (Hc(T')) for as-prepared and

annealed samples of Bag5Cog5Fe,O,4 ferrite nanoparticles.
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Table 7.5: The fitting parameters of coercive fields temperature dependence of the

as-prepared and annealed samples of Bag5Cog5Fe;O4 ferrite nanoparticles.

TA Hc(O) (kOe) TB (K) X2
+0.2 +5
200 °C 12.1 168 0.9934
300 °C 14.1 182 0.9955
400 °C 14.5 250  0.9976
500 °C 15.1 300  0.9952
15.0
14.5 - a7
~~ . g
Q L
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Figure 7.17: Variation of coercive fields Hq(0) with the annealing temperature 74

for as-prepared and annealed samples of Bag5Cog5Fe;O, ferrite nanoparticles.
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The inset shows the variation of M, /Mg.

7.4.1 Electrochemical characterization

To investigate the electrochemical activity of the modified electrodes, CoFe;O4/GCE
and Bag5Cog5Fe04/GCE were characterized by cyclic voltammetry (CV) using
K;[Fe(CN)6] as the redox probe. Cyclic voltammograms (CVs) recorded in the
presence of 1 mM Kj[Fe(CN)6] in 0.1 M KCI solution showed well-defined redox
peaks (as depicted in Figure 7.19), with an improved voltammetric response ob-
served at the modified electrodes as compared to bare GCE. Compared to nano
CoFey04/GCE, the nano Bag5Cog 5Fe;04/GCE exhibited superior electrochemical
behavior with an increased peak current and a reduced peak separation potential,

suggesting the enhanced catalytic activity of the Bag ;Cog5FesO4 nanoparticles.
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Figure 7.19: Cyclic voltammograms of 1.0 mM Kj[Fe(CN)g] in 0.1 M KCI solution
at bare GCE (a), nano CoFe;O,/GCE (b) and nano Bag5Cog5Fe204/GCE (c) at 5
mV/s.

In order to demonstrate that the Bag 5Cog 5FesO4 nanoparticles improve the sur-
face area and conductivity of the electrode, the active surface area (A) of GCE, nano
CoFey04/GCE and nano Bag 5Cog 5Fe204/GCE was measured by recording CVs in
1.0 mM Kj[Fe(CN)6] solution at various scan rates (Figure 7.20) and using equation
i, = 2.69x10°n32ADY2Cv/2. Taking into account the diffusion coefficient D =
7.6 x 1075 cm? s for [Fe(CN)g)*~ [241], slope of the i, versus v/? plot (inset of
Figure 7.20), A was calculated to be 0.069 cm?, 0.583 cm? and 0.652 cm? for GCE,
nano CoFe;O,/GCE and nano Bag5CogsFe204/GCE, respectively. The electroac-
tive surface area of nano Bag5Cog 5Fe20,/GCE is almost 10 times larger compared
to the unmodified electrode, indicating superior conductivity of the Bag5Cog5FesOy

nanoparticles.
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Figure 7.20: Cyclic voltammograms of 1.0 mM Kj[Fe(CN)g] in 0.1 M KCI solution
at nano Bag5Cop5Fes0,/GCE at scan rates 5-250 mVs™! (Inset shows plot of scan

rate versus peak current).

7.4.2 Electrochemical behavior of CFX

The electrochemical behavior of the ciprofloxacin (CFX) was investigated at bare
GCE, CoFey04/GCE and Bag 5Cog 5Fe;04/GCE in presence of 0.3 mM CFX in 0.1
M phosphate buffer solution (PBS) using CVs (Figure 7.21). A very weak oxidation
peak at ~ 1.1 V was observed at bare GCE (curve a, brown). Under similar con-
ditions, at nano CoFe,O4/GCE, the peak potential was found to shift negatively to
1.0 V (curve b, green) accompanied by an enhanced peak current. However, this peak
was broad and not very distinct. On the other hand, the voltammogram for nano
Bag 5Cog 5Fe204/GCE exhibited a well defined oxidation peak at 0.9 V (curve ¢, red).
The decrease in the peak potential and the increased anodic peak current suggest

that the synthesized nanoparticles effectively catalyze the electrochemical oxidation
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of CFX. The electrocatalytic activity of the nano Bag 5Cog 5Fe;O4/GCE was ascribed
to an improved electron transfer rate, which we associate with the high surface area
and significant electrical conductivity of the Bag;Cog 5Fe;O4 nanoparticles. Poros-
ity in nanoparticles leads to exposure of the analyte to more active surface sites
and an increase in mass transport [242]. Thus, it also contributes to the enhanced
electrocatalytic efficiency of the nanoparticles. Hence, nano Bag5Cog 5Fe;04/GCE
was chosen for further electrochemical studies on CFX. No peaks were observed in

the reverse scan showing the irreversible nature of the electrooxidation process.
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Figure 7.21: Typical cyclic voltammograms observed in presence of 0.3 mM CFX
in 0.1 M PBS (pH 7.2) at (a) bare GCE, (b) nano CoFe;O,/GCE, (c) nano
Bag5Cop5Fe204/GCE and (d) in absence of CFX in 0.1 M PBS (pH 7.2) at nano
Bag 5Cog5Fes04/GCE.

The effect of scan rate on the peak current was examined to identify the nature of
the electrochemical process taking place at the electrode surface. The voltammetric

behavior of 0.3 mM CFX in 0.1 M PBS (pH 7.2) was observed at various scan rates
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(5 mV/s to 200 mV/s) using cyclic voltammetry to check whether the oxidation
process at the modified electrode was diffusion or adsorption controlled. A linear
relationship was observed between the peak current (i,) and the square root of scan
rate (v'/?) with a correlation coefficient of 0.9966, suggesting that the oxidation of
CFX at nano Bag 5Cog 5Fes0,/GCE was a diffusion-controlled process (Figure 7.22
A) with the equation expressed as i, = (0.524-0.01)v/2 - (0.24:0.1). The presence of
a non-zero y-axis intercept indicates the presence of some associated adsorption at
the electrode surface [243]. A linear relationship between i, and log v (Figure 7.22
B) was observed corresponding to the equation i, = (0.54£0.01)log v - (0.39£0.01)
with a correlation coefficient of 0.9987. A slope of 0.5440.01 was obtained, which
is close to the theoretical value of 0.5 expected for an ideal reaction for a diffusion-
controlled electrode process [244], thus confirming that the oxidation process was

diffusion controlled.
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Figure 7.22: (A) Variation of peak current (i,) with square root of scan rate (v/2)
and (B) Dependence of logarithm of peak current on the logarithm of scan rate for

0.3 mM CFX in 0.1 M PBS (pH 7.2) at nano Bag5Cog 5Fe;04/GCE.

Furthermore, the peak potential (£,) was found to shift towards more positive
values with an increase in the scan rate indicating the irreversible nature of the
electrochemical process. On plotting £, (in V) versus log v, a linear plot with the

equation £, = (0.033£0.003) log v + (0.8454+0.001) and a correlation coefficient of
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0.9995 was obtained (Figure 7.23), which shows that the electrochemical reaction is

followed by an irreversible chemical step [245].
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Figure 7.23: Dependence of peak potential on the logarithm of scan rate for 0.3 mM
CFXin 0.1 M PBS (pH 72) at nano Ba0,5C00.5FezO4/GCE.

According to Laviron [161], the E, for an irreversible electron transfer can
2.303RT} {RT]{O}
2P 1 og +

be expressed by the equation 4.4.4 where E, = E° +
ankF' ankF'

[2.303RT

ank’
be calculated. Here, the slope is 0.033+0.003 V. Considering 7' = 298 K, R = 8.314

J/K mol, and F = 96480 C/mol, an is calculated to be 1.8. This value is then

} logv. From the slope of E, versus log v plot, the value of an can easily

employed to calculate n using the equation 4.4.5 [162]. The number of electrons
exchanged n is found to be 2, indicating that two electrons were involved in the ox-
idation of CFX at the nano Bag5Cog 5Fe204/GCE. In order to investigate the effect
of pH on the electrooxidation of CFX, CVs were recorded at a fixed concentration

of the drug in pH range 3.0-10.0 (0.1M PBS). The peak potential (£,) was found
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to shift linearly to a less positive value with increase in the solution pH. The de-
pendence of £, (in V) on pH is expressed by the equation E, = 1.3154 - 0.0606 pH
with a correlation coefficient of 0.9839. The slope of 60.6 mV indicates that equal
numbers of protons and electrons participated in the electrochemical process. Thus,
the study confirms that the electrooxidation of CFX involves two protons and two

electrons, as shown in Figure 7.24 [219].

HO/

Figure 7.24: Scheme illustrates electrooxidation mechanism of CFX.

Quantitative evaluation of an analyte is based on the linear correlation between
the observed peak current and the analyte concentration. The calibration curve
for CFX was obtained using linear sweep voltammetry (LSV). The oxidation peak
current (peak height) was found to be proportional to CFX concentration in the
range 1.0x1078 M to 0.5x107% M as shown in Figure 7.25 and the linear equation is
i,(1075 A) = 10.23C, where C is the concentration of CFX (in mM). The detection
limit (LOD) and limit of quantification (LOQ) was found to be 0.58x10™® M and
1.95x1078 M, respectively.

In order to assess the specificity of the sensor towards CFX, the effect of excipi-
ents on the voltammetric response of the drug was investigated. Samples containing
0.01 mM CFX and different concentrations of the excipients (starch, colloidal an-
hydrous silica, cellulose and magnesium stearate) were analysed using the proposed
procedure. The voltammetric response of CFX in the presence of excipients was
compared with that of the pure drug. The assay result did not display any change,
showing that the proposed sensor has good selectivity for CFX determination. To
check the reproducibility of the nano BagsCog5Fe;04/GCE, a series of four elec-

trodes fabricated in a same manner were employed for the detection of 0.01 mM
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Figure 7.25: Observed dependence of peak current (i,) on CFX concentration at pH
7.2 (0.1 M PBS) at nano Bag 5Cog 5Fe20,/GCE.

CFX in 0.1 M PBS (pH 7.2). A relative standard deviation (RSD) of the peak cur-
rent values obtained at the four electrodes was 3.3%, suggesting good reproducibility
of the proposed electrode. To evaluate the precision of the method, the analytical
performance was observed for six repeated measurements of 0.01 mM CFX solution.
A RSD of 2.4% confirmed the good precision of the method. The LSV response
of the modified electrode was also investigated after 7 days for the same drug con-
centration, during which the peak current did not vary much indicating appreciable
stability of the nano Bag5Cog 5Fe20,/GCE.

In order to investigate the feasibility of the developed procedure, the proposed
method was successfully applied for direct analysis of the drug in different pharma-
ceutical preparations without the need for sample pretreatment or time-consuming

extraction steps prior to the analysis. The quantity of CFX was determined in two

144



different formulations, i.e. Ciprodac 500 (Mfd. by Cadila Pharmaceuticals Ltd.)
and Ciprocore (Mfd. by Core Healthcare). The tablets were weighed, grinded in a
mortar and the obtained powder was dissolved in double distilled water. The sample
solution was further diluted so that the concentration of CFX was in the working
range and the solution was then directly used for voltammetric analysis. The amount
of CFX obtained by the proposed method in different pharmaceutical formulations
was compared with the stated amount. The results, summarized in Table 7.6, show
that the drug content for both assayed tablets fall within the claimed amount indi-
cating good agreement with the proposed voltammetric method. Hence, the method
can be used efficiently for CFX determination in commercial pharmaceutical dosage

forms.

Table 7.6: Determination of CFX in different pharmaceutical formulations using

nano Ba0.5COO.5F6204/GCE.

Sample Stated content Detected content* R.S.D LOD LOQ
(mg/tablet) (mg/tablet) (M) (M)
Ciprodac 500 500 503.5 0.6% 6.0x107% 2.0x1078
Ciprocore 500 506.5 1.3%  6.3x107° 2.1x1078

*Amount found represents the average of three observations.

The electroanalytical performance of the present method for
Bag5Cog5Fe204/GCE was compared with that of voltammetric methods reported
(since 2007 to present) for CFX quantification, as summarized in Table 7.7. It can
be seen from the table that the proposed method is superior to previously reported
electrochemical methods, in terms of linear concentration range and detection limit.
The ease of preparation of the modified electrode, simplicity of the procedure, low
cost of analysis, good reproducibility, remarkable detection limit and analytical ap-
plicability of the proposed method offers a promising substitute to the frequently

reported chromatographic methods for determination of CFXs.
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Table 7.7: A comparison of analytical parameters for voltammetric determination

of CFX at various modified electrodes.

Electrode Linear Concentration LOD LOQ Ref.
Range (M) )
MgFe,O4-Multi-walled carbon  0.1x1075 to 1.0x10™%  0.1x107" 0.8x1077  [219]
nanotubes modified GCE.
Carbon paste electrode (CPE) in 8.0x107% to 5.0x107% 2.0x1078 - [246]
presence of sodium dodecyl
benzene sulphonate.
CPE in presence of cetyl 1.0x1077 t0 2.0x107° 5.0x1078 - [247]
trimethylammonium bromide.
Multi-walled carbon nanotubes ~ 1.0x107" to 7.5x10™° 3.0x107® - [248]
modified GCE.
GCE. 1.0x1075 to 4.0x1075  1.3x1077 4.3x1077  [249]
Multi-walled carbon nanotubes — 3.0x107% to 1.2x1073 0.9x1076 - [250]
modified GCE.
Tyrosine modified CPE. 0.2x107* to 0.8x10™*  4.5x107° - [251]
Hanging mercury drop electrode  1.5x1077 to 4.5x 1077 - 3.0x107%  [252]
(HMDE).
B-cyclodextrin-l-arginine. 0.5x1077 to 1.0x10™* 0.1x1077 - [253]
modified CPE.
Co/TiO,/CPE. 0.1x107% t0 0.7x10™*  0.3x1077 - [254]
Glassy carbon paste electrode.  3.0x1078 to 2.3x107¢ 3.3x107% 2.7x107®  [255]
Boron-doped diamond electrode.  1.0x107% to 1.0x10™* 3.3x107" 1.0x107¢  [256]
dsDNA modified GCE. 1.0x107% to 1.0x10™> 1.0x1076 - [257]
HMDE. 3.0x1077 to 2.0x1076  7.0x10~ ; [258]
Poly(alizarin red)/graphene 0.4x1077 to 1.2x107* 0.1x1078 - [259]
composite film modified GCE.
Nano Bag 5Cog5Fe20,/GCE 1.0x107% t0 0.5x10™3  5.8x107° 1.9x10~® Present
(Proposed method). work
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7.5 Conclusion

The Ba atoms were successfully incorporated into the spinel structure by the chemi-
cal route using the glycol thermal process. The XRD pattern suggests that Bag 5Cog.5Fes
Oy ferrite nanoparticles were produced without any impurity. The images obtained
from HRTEM and HRSEM display cubic shape-like particles with well defined crys-
talline structure, in support of the XRD results. The nanoparticles exhibited a
high surface area and showed high mesoporous character, as confirmed by BJH test.
Furthermore, the electrochemical sensing behavior of the novel nanoparticles was
demonstrated by successful exhibition of the electrocatalytic activity of the nano
Bag5Cog5Fe204/GCE towards CFX oxidation, suggesting that the nanoparticles
promote a higher rate of electron transfer. The proposed method was found to be
simple, accurate, precise, specific and inexpensive for the determination of CFX in
bulk as well as in tablet dosage forms. Thus, it is expected that the synthesized
novel nanoferrites can lead to the development of a new group of electrochemical
sensors. The influence of the annealing at different temperatures on the structure
and the morphology of the samples was investigated by XRD, HRSEM and HRTEM.
Increasing T4 leads to enhanced sample crystallinity up to 500 °C. An additional
phase appears at Ty = 600 °C. The hyperfine parameters obtained from Mossbauer
spectrum show that the samples are sensitive to T4. The magnetic measurement
at 300 K revealed a decrease of the saturation magnetization with increasing T4,
whereas the coercivity increased as T4 increased up to 500 °C. The magnetization
as a function of measuring temperature shows evidence of spin freezing at low tem-
perature. Based on equation 2.7.2 the temperature dependence of the coercive field
for Bag5Cog 5FesO4 nanoferrites follows Kneller’s law with @ = 1. Thermal anneal-
ing appears to affect the inversion of ions between on A and B sites, and leads to

transformation from single domain to multi-domain structures.
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Chapter 8

Simultaneous substitution of Ba,
Mn and Co into Fe30, spinel
structure: magnetic and
electrochemical sensing properties
of the synthesized nanoparticles

towards didanosine (DDI), an

anti-HIV drug

8.1 Introduction

Nanomaterials have emerged as active materials to study by researchers because
of their properties due to surface area, catalytic effects and quantum size effect
[260]. Recent years have also witnessed an upsurge in the study of spinel nano-

ferrites (SNPs) for their theoretical interests and numerous potential applications
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in diverse fields such as ferrofluids, magneto-optics, spintronics, medical diagnos-
tics, information storage systems, microwave absorbers and manufacturing anodes
for batteries [229]. The magnetic properties of SNPs can be tuned by substituting
different elements at spinel sub-lattices [261]. Several factors, such as purity, ho-
mogeneity and microstructure are known to affect the magnetic properties of these
ferrites [262]. A number of methods for synthesis of SNPs have been reported.
Some of these methods are hydrothermal, co-precipitation, electrospinning, sol-gel,
combustion and conventional ceramic techniques [263]. However, the easiness and
higher control of particle sizes by wet chemistry method makes this method prefer-
able compared to solid state reaction techniques [264]. SNPs have also been found
to exhibit advantages towards electrochemical detection in a wide range of analytes
due to their distinctive electrical and catalytic properties [223, 265]. Research is in
progress to improve their electrochemical sensing ability to the maximum possible
extent. Adding dopants to ferrites is shown to vary their electronic conductivity
and thus extending their application in the field of electroanalysis [266].

In this chapter, we have synthesized novel single phase spinel structured
Ba;/3Mn;/3C0;/3Fe; Oy ferrite nanoparticles and investigated the structure and prop-
erties of the nanomaterial obtained. The presence of magnetic ions in the sample
has led us to investigate its magnetic properties. Literature survey reveals that
iron-based magnetic nanoparticles can act as excellent materials for electrode modi-
fication in electroanalysis owing to their unique properties such as large surface area
and high surface energy [267, 268]. Magnetic nanoparticles have also been found
to function as electron-conducting pathways allowing rapid transfer of electrons be-
tween the redox system and the electrode surface [269, 270]. This information moti-
vated us to study the electrochemical properties of the newly synthesized magnetic
Ba;/3sMn;/3Co0;/3Fe;04. The work further investigates the electrochemical sensing
ability of the synthesized nanoparticles towards didanosine (DDI), an anti-HIV drug.

Didanosine (27,3’-dideoxyinosine, DDI) (Figure 8.1) is a purine nucleoside ana-
logue, which is used to treat human immunodeficiency virus (HIV) infection as part
of highly active antiretroviral therapy (HAART) [271]. Approved in 1991 by the

Food and Drug Administration (FDA), it belongs to a class of antiretroviral drugs
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called nucleoside reverse transcriptase inhibitors (NRTIs) [272].

<§jf3jﬁ

OH

Figure 8.1: Scheme illustrates the chemical structure of didanosine.

Adverse effects of the drug include peripheral neuropathy, pancreatitis, retinal
changes, optic neuritis and lactic acidosis [273]. Determination of DDI is very im-
portant for quality control and obtaining the optimal therapeutic drug concentra-
tion. A number of analytical methods have been reported for the estimation of the
drug, with the majority of them involving high-performance liquid chromatography
and spectrophotometric techniques, which are expensive as well as time-consuming
[274, 275, 276, 277]. Due to their high sensitivity, specificity, low cost of instrumen-
tation and simplicity, the electroanalytical methods have proved to be expedient
for quantitative analysis of several drugs in bulk, pharmaceutical formulations and
biological fluids. However, to date, very few voltammetric methods have been re-
ported for DDI determination. Ozoemena et al. [278] fabricated electrochemical
sensors, based on metallopthalocyanine (MPc, M = Co, Fe) complexes impregnated
carbon paste electrode to determine the drug. Later, Farias et al. [279] developed
an adsorptive stripping method for the quantification of DDI at a mercury film elec-
trode. Metal ferrite nanoparticles therefore show promising application in the field
of electroanalysis [223]. Hence, in the present study, a novel electrochemical sensor
based on the Ba; 3Mn,/3Co;/3Fe;04 nanoparticles modified glassy carbon electrode
was developed for sensitive determination of DDI. The electrochemical behavior of
the drug was studied using cyclic voltammetry (CV) and the modified electrode was

validated for quantification of the drug in human urine samples.
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8.2 Experimental details

Ba;/3Mn, /3Co0;/3Fe;O4 nanoparticles were synthesized by the glycol-thermal method
in a Watlow series model PARR 4843 stirred pressure reactor. The synthesis de-
tails were provided in chapter 4. The phase and structural characterization of the
sample was conducted using a Phillips X-ray diffractometer (Model: PANalytical,
EMPYREAN) using CoKa radiation (A = 1.7903 A). The morphology and micro-
structure of the nanoparticles were investigated by high-resolution transmission elec-
tron microscopy (HRTEM) (Jeol . JEM-1010) and high-resolution scanning electron
microscopy (HRSEM) (Ultra Plus ZEISS-FEG HRSEM instrument). The textural
and porosity properties of the nanoparticles were investigated using a micrometrics
tristar IT 3020 instrument, with liquid Ny as the analysis gas. A mini cryogen free
magnetization measurement system (supply by Cryogenic Ltd, UK) was used to
perform low temperature magnetization measurements from 4 to 300 K in magnetic
fields of up to 50 kOe. For the electrochemical experiments, DDI and potassium fer-
ricyanide were obtained from Sigma-Aldrich, USA. All other chemicals used were of
analytical reagent grade and purchased from Merck (Pty) Ltd, South Africa. A stock
solution (2.00x1072 M) of DDI was prepared in double distilled water and stored in
a dark place, when not in use. Phosphate buffer solution (PBS; = 0.2 M) at various
pH values was used as a supporting electrolyte. Pure nitrogen gas was purged into
the DDI containing solution for at least 3 minutes before each experiment. The elec-
trochemical measurements were performed on an electrochemical analyzer (Model
800B Series, CH Instruments, Inc.) and conducted in a single-compartment three-
electrode glass cell, which consisted of a reference electrode (Ag/AgCl), a counter
electrode (platinum wire) and a working electrode (a bare/modified glassy carbon
electrode). For sample preparation, the urine samples (obtained from laboratory
personnel) were diluted 100 times by phosphate buffer of pH 7.2. The dilution pro-
cess helps in reducing the matrix effect [280]. The drug was then quantified in spiked
human urine samples using cyclic voltammetry (CV).

Before fabrication of the modified electrode, the glassy carbon electrode (GCE)

was cleaned by polishing with 0.05 micron alumina slurry on a polishing cloth for
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about 30 seconds. The electrode was then rinsed thoroughly with double-distilled
water and dried in air. A 0.5 mg/mL suspension of Ba, /3Mn; /3Co;/3Fe;O4 nanopar-
ticles in dimethyl formamide was prepared. 10.0 uL of the suspension was then cast
onto the cleaned electrode surface and dried to constitute

Bay 3Mny /3Co1/3Fe;04/GCE. The active surface area of bare and modified GCE
was measured by recording CVs in 1.0 mM Kj[Fe(CN)g] solution at different scan
rates and using equation 4.4.2 [281]. The active surface area was found to be 0.070

cm? and 0.218 cm? for bare GCE and Bay /3Mn; 3Co; /3Fe204/GCE, respectively.

8.3 Results and discussion

8.3.1 Characterization of Ba;;3Mn;/;3Co,/3Fe;0, nanoparti-

cle ferrites

Figure 8.2 depicts X-ray powder diffraction (XRD) patterns of Ba;/3sMn; /3Co1 3Fe204
nanoparticles. The XRD pattern shows a well-defined spinel structure with no im-
purity peaks. The lattice parameter a was calculated using equations 4.1.1 and
4.1.2. The average crystallite size was determined using the Scherrer’s equation
4.1.3. The microstrain was determined using a Williamson-Hall plot, as displayed in
Figure 8.3. The distribution of the data points reflects the homogeneity of the mi-
crostrain. The lattice parameter, crystallite size and microstrain for the as-prepared
Ba;/3Mn; /3C0; /3Fe;O4 nanoparticles were found to be 0.839£0.003 nm, 8.37£0.06
nm and 0.00154+0.0001, respectively.

Figure 8.4 shows images of the as-prepared Ba;/3Mn;/3Co;,3Fe;O4 nanoparticles,
captured via high resolution transmission electron microscopy (HRTEM) and high
resolution scanning electron microscopy (HRSEM). The images in (Figure 8.4A and
8.4B) show quasi-spherical like shapes which are mono-dispersived. The lattice
fringes are well-defined (as seen in Figure 8.4 A), thus the particles exhibit well-
formed crystalline structure. The marked spacing of 0.252 nm is anticipated to
reflect 311 planes. The average particle sizes are found to be 942 nm. Figure 8.4C
shows that the particles are well-dispersed. The HRTEM and HRSEM images in
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Figure 8.2: X-ray diffraction pattern for the synthesized Ba;/;3Mn;/3Co;/3FesOy

nanoparticles.

Figure 8.4 support the XRD result in terms of crystallinity and size of the synthesized
nanoparticles.

The sample revealed high surface area of 116 m?/g, as deduced from Brunauer-
Emmet-Teller (BET) surface area measurement. The texture and character of the
pores were studied using isothermal Ny adsorption-desorption measurement. Figure
8.5 shows Ny gas adsorption isotherms for the as-prepared Bai/;3Mn; 3Co;/3FesOy
nanoparticles. The adsorption of N, increased to a maximum value of 222 cm?/g
at a relative pressure (P/P,) of 99%, whilst the desorption of the gas decreased to
a lowest value of 19 cm?®/g, as the P/P, decrease to 0.01%. The adsorption and
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Figure 8.3: Plot of 3cosf versus 4sin6 for the synthesized Ba;/3Mn;/3Co;/3FesOy

nanoparticles.

desorption curves were found to merge, indicating that the hysteresis loop is asso-
ciated with the Ny condensation inside the sample pores [128]. The hysteresis loop
can be classified into type IV isotherm, which suggests the mesoporous character of
the sample [189]. A Barrett-Joyner-Halenda (BJH) measurement was carried out to
explore the scattering of the pores. Most of the scatter points were placed in the
range between 2-47 nm, further confirming the mesoporous nature of the nanopar-
ticles [191]. Since the distribution peak of the pores is sharp (as demonstrated in
the inset of Figure 8.5), it indicates homogeneous pore distribution.

Figure 8.6 depicts M-H loops at different measuring temperatures for the as-

prepared Ba;/3Mn;/3Co,/3Fe;O4 nanoparticles. The measurements were achieved

154



EHT 20,00 kV

|Mag S?SQKXWD 23 mm Signal A= InLens &

Figure 8.4: HRTEM with 20 nm magnification (A), HRTEM with 100 nm magnifi-
cation (B), and HRSEM (C) images for Ba; 3Mn;/3C04/3Fe204 nanoparticles.

in external magnetic fields in the range from -50 kOe to +50 kOe. The results
show an increase in the magnetization from 66.5+0.3 emu/g to 84.44+0.5 emu/g,
as the measuring temperature decreased from 300 K to 4 K, respectively. The
coercive field increased from 0.009+0.04 kOe to 10.1040.04 kOe with decrease in
temperature from 300 K to 4 K, respectively. The significant increase in the coercive
field value with decrease in the measuring temperature indicates that the sample
becomes magnetically harder at low temperature, which is related to the spin freezing
effect. The sample also shows a distortion in the hysteresis loops at low temperature
(as seen in Figure 8.6). This distortion is anticipated to be due to the combined

effect of soft and hard magnetic phases. The spin disorder in the surface layer is
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Figure 8.5: Ny gas adsorption isotherms for the as-prepared Ba;/3Mn;/3Co;/3FesOy

nanoparticles. The inset shows the pore size distribution.

also expected to lead to such behavior [282].

The approach to saturation of the magnetization M was used to obtain the val-
ues of Mg(T) as a function of the measuring temperature. Figure 8.7 exhibits the
initial magnetization curves for the as-prepared Ba; ;3Mn;/3Co;/3Fe;O4 nanoparti-
cles. The best fitting curves (in red), obtained for the initial magnetization curves of
the sample, are based on the empirical law of approach to saturation magnetization
given by equation 2.7.1. The magnetic parameters (maximum magnetization, sat-
uration magnetization, coercive field, remanent magnetization and the squareness

of the hysteresis loop) of the as-prepared Bay /3Mn; 3Coy /3Fe;O4 nanoparticles are
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Figure 8.6: Hysteresis loops measurements at different temperature for as-prepared

Ba;/3Mn,/3C0;/3Fe;Oy ferrite nanoparticles.

summarized in Table 8.1.

The values of the remanent magnetization M, and the squareness of the hystere-
sis loops M, /M s were found to increase dramatically with decrease in temperature.
As reported in the literature [283], M, values depend on the magnetic anisotropy,
particle microstructure as well as stress sensitivity. Figure 8.8 shows that the decline
in M, is related to the reduction in the magnetic anisotropy strength. The inset in
Figure 8.8 displays the variation of M, /Mg with change in temperature. It is ob-

served that as the temperature increases, M, /Mg monotonically decreases. Based on
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Figure 8.7: Initial magnetization curves at different temperature for as-prepared

Ba;/3Mn; /3Co0;/3Fe;O4 nanoparticles.

the Stoner-Wohlfarth theory, the value of M, /Mg for cubic and uniaxial anisotropy
was found to be 0.832 and 0.5, respectively [195]. At low temperature (7 < 80 K),
the values of M, /Mg were much higher than 0.5, as can be seen in the inset of Fig-
ure 8.8, suggesting that at low temperature the as-prepared Ba;/3Mn;/3Co;/3FesOy
nanoparticles tend to have cubic magnetocrystalline anisotropy.

Figure 8.9 depicts the variation of the coercive field Ho as a function of the
measuring temperature. Significant increase in Ho was observed at temperatures
lower than 200 K. This was associated with the thermal oscillation of blocked mo-
ments through the anisotropy barrier [193]. The temperature dependence of H¢ for
non-interacting mono-domain particles in the temperature range below the blocking
temperature T, is described by Kneller’s law as in equation 2.7.2 [284]. For the
modified Kneller’s law, the value of « is 0.5. The Hs was found to follow T law
with a = 0.77, as reported by Pfeiffer et al. [129]. The Kneller’s law is fitted to
the data with a correlation coefficient of 0.9955. The value of Hq(0), T and «
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Table 8.1: Maximum magnetizations at 50 kOe M,,, saturation magnetizations
obtained from empirical law of approach to saturation Mg, coercive fields H¢, re-
manent magnetizations M, and squareness of the hysteresis loops M, /Mg for the

Ba;/3Mn; /3Co; /3Fe,O4 nanoparticles.

T M, (emu/g) Mg (emu/g) He (kOe) M, (emu/g) Mp/Ms

(K) +0.5 +0.1 +0.04 +1

4 84.4 90.5 10.10 60 0.716
10 84.1 90.4 9.48 60 0.659
20 83.8 90.2 8.86 59 0.650
40 83.5 89.6 7.42 95 0.614
60 82.5 88.7 2.99 o1 0.573
80 82.3 87.7 4.61 46 0.522
100 81.6 86.7 3.25 39 0.483
120 80.5 85.1 2.11 32 0.372
140 79.8 84.0 1.53 26 0.309
180 77.0 80.4 0.66 14 0.169
200 75.1 78.5 0.42 8 0.100
240 71.8 74.9 0.42 ) 0.069
280 68.3 72.9 0.10 4 0.075
300 66.5 67.6 0.09 4 0.0717

were found to be 10.8+0.3 kOe, 166+5 K and 0.7740.07, respectively. The inset in
Figure 8.9 demonstrates the linear variation of Ho with T%7 for the as-prepared
Ba;/3Mn;/3Co0;/3Fe;O4 nanoparticles.

For ferromagnetic and ferrimagnetic systems, the temperature dependence of
magnetization is associated with spin waves (magnons) with increase in the measur-
ing temperature. The thermal behavior of the magnetization is usually described by
Bloch’s law based on equation 2.5.2. This model is effective for bulk systems with g
= 3/2. For nano-scale materials, magnons with wavelength larger than the particle
size (due of finite size effect) are excited. Thus, the modified Bloch’s law with a

B value greater than 3/2 is expected to be an appropriate model to describe such
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Figure 8.8: Variation of the remanent magnetization (M,) plotted as a function
of the measuring temperature. The inset shows the variation of the reduced rema-

nent magnetization (M, /Mg) with measuring temperature of Ba, ;3Mn; /3C01/3Fe204

nanoparticles.

a system. In Figure 8.10, the temperature dependence of saturation magnetization
is fitted in accordance with the modified Bloch’s law with a correlation coefficient
of 0.9995. The values of Mg(0), Ty and (3, determined from the fitting curves, are
90.540.1 emu/g, 704+10 K and 1.62+0.02, respectively.
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Figure 8.9: The temperature dependence for Ba;/3Mn;/3Co0,/3Fe;O4 nanoparticles.

The red lines are the fits to the data.
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Figure 8.10: Thermal dependency of saturation magnetization for the as-prepared
Ba;/3Mn; /3Co0;/3Fe;O4 nanoparticles. (The red line shows the fit curve according to

the modified Bloch’s law).
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8.3.2 Electrochemical behavior of Ba;/;3sMn, /;3Co,/3Fe;Oy4

nanoparticles

The electrochemical activity of the synthesized Ba;/3sMn;,3C0;/3Fe;04 nanoparti-
cles nanoparticles was investigated using potassium ferricyanide K;[Fe(CN)g] as the
redox probe. Figure 8.11 shows the cyclic voltammetric response observed at bare
glassy carbon electrode (GCE) and Bay/sMn;/3Co4/3Fe;04 nanoparticles/GCE in
the presence of 1 mM Kj[Fe(CN)g] in 0.1 M KCl solution. Well-defined redox peaks
are observed at both electrodes. However, the Ba;/;3Mn;/3C0,/3Fe;04 nanoparti-
cles/GCE was found to exhibit improved electrochemical behavior, exhibiting an
increased peak current response and a negative shift in peak potential compared
to the bare electrode. This suggests that the Ba;/;3Mn;/3Co;/3Fe;O4 nanoparticles
effectively electrocatalyze the redox process of K3[Fe(CN)g|. This is attributed to
an enhanced rate of electron transfer owing to the excellent electrical conductivity

and high surface area of the synthesized Ba;/3Mn;,3Co;/3Fe;O4 nanoparticles.
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Figure 8.11: Cyclic voltammograms of 1.0 mM Kj[Fe(CN)g| in 0.1 M KCI solution
at (a) bare GCE and (b) Bay/sMn;/3Coy/3Fe;0,/GCE at 100 mV /s.
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To establish that Ba;/3Mn,;/3Co;/3Fe,O4 nanoparticles improve the surface area
of the electrode, the effective surface areas of the bare GCE and
Bay/3Mn;/3C0;/3Fe; Oy /GCE were determined by recording cyclic voltammograms
in 1.0 mM Kj[Fe(CN)g] solution at different sweep rates (Figure 8.12). Using the
equation 4.4.2; the diffusion coefficient D = 7.6x107% cm?/s for [Fe(CN)g)>~, by
employing the slope of i,, versus v1/2 plot (inset of Figure 8.12), A was found to be
0.070 cm? and 0.218 cm? for bare GCE and Bal/gMnl/3C01/3FegO4/GCE, respec-
tively. The surface area of the modified electrode was at least 3 times larger than
that of the bare GCE electrode, indicating superior conductivity of the
Ba;/3Mn, /3C0;/3Fe;O4 nanoparticles. Thus, it is expected that the novel nanofer-

rites can lead to the development of a new group of electrochemical sensors.

Current(10°A)
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Figure 8.12: Cyclic voltammograms of 1.0 mM Kj[Fe(CN)g| in 0.1 M KCI solution
at Ba;/3sMn;/3Co0,3Fe;04/GCE at sweep rates 5-200 mV /s. The inset displays plot

of peak current versus square root of sweep rate.
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8.3.3 The electrochemical behavior towards didanosine

Since the synthesized Ba;/3Mn;/3Co;/3Fe;O4 nanoparticles shows significant elec-
trochemical response with K;[Fe(CN)g] we have therefore extended the study fur-
ther by using didanosine (DDI) an HIV drug. Figure 8.13 depicts cyclic voltam-
mograms recorded for 0.5 uM DDI in 0.1 M PBS (pH 7.2) at bare GCE and
Bal/gMnl/g001/3F6204/GCE. No voltammetric peak was observed at the bare elec-
trode. However, the voltammetric response improved significantly at the modified
electrode, exhibiting a distinct peak at 0.75 V. This electrocatalytic activity of the
Bay/3Mn;/3C0;/3Fe; Oy /GCE is attributed to the unique properties of the synthe-
sized nanoparticles and the large surface area of the electrode. Since the electrode is
modified with transition metal nanoparticles, it is anticipated that when an electro-
chemical reaction takes place, these transition metal ions function as active sites [72],
acting as catalysts for the oxidation of DDI. Hence, Bal/gMH1/3C01/3F6204/GCE is
demonstrated to enhance the electrochemical sensing property compared to the bare

GCE.

8.3.3.1 Effect of scan rate and pH

The effect of scan rate v on the electrochemical behavior of DDI at

Bay 3Mny /3Co;/3Fe;0,/GCE was investigated in the range from 10-200 mV /s. The
peak current i, was found to increase linearly with an increase in v (as seen in Figure
8.14 (a)), indicating that the electrooxidation of DDI on the modified electrode is
a typical adsorption-controlled process [163]. The relationship between i, and v is
expressed by the equation i,(uA) = 0.0087v + 0.1239, with a correlation coefficient
of 0.9967. Furthermore, logi, is plotted against logv (Figure 8.14 (b)) and a linear
relationship, expressed by the equation log i, = 0.8089 log v — 1.6004 having a corre-
lation coefficient of 0.9937, is obtained. A slope of 0.8 was observed, which is close to
the theoretical value of 1.0 expected for an ideal adsorption-controlled electrode pro-
cess [164]. This confirms that the electrooxidation of DDI is adsorption-controlled.
The peak potential E), is also observed to shift towards more positive values with an
increase in v, suggesting the irreversible nature of the electrochemical process [285].

On plotting E, versus log v (Figure 8.14 (c)), a straight line is observed that follows
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Figure 8.13: Typical cyclic voltammograms observed (a) in absence of DDI at
Ba, /3sMn; 3Co;/3Fe,04/GCE and in presence of 0.5 uM DDI at (b) bare GCE and
(c) Baj/3sMny /3Coy/3Fe;0,/GCE in 0.1 M PBS (pH 7.2) at a scan rate of 100 mV//s.

the equation £, = 0.0681logv + 0.6134, with a correlation coefficient of 0.9995.
For an irreversible electron transfer, the £, is expressed by the Laviron’s equation
(equation 4.4.4). The value of an is calculated from the slope of E, versus logv
plot. With a slope of 0.0681 V. Considering R = 8.314 J/K mol, F = 96480 C/mol
and T' = 298 K, an is calculated to be 0.87. The value of n is then calculated using
equation 4.4.5 to give a value of n = 1.64 (~ 2). This indicates the involvement of
two electrons in the oxidation of DDI at Bal/gMH1/3001/3F62O4/GCE.

The pH of the supporting electrolyte exhibits significant influence on the elec-
trooxidation of DDI at the modified electrode. Figure 8.14 (d) depicts the effect of
pH on Ep of 0.5 uM DDI using Ba1/3Mn1/3Col/3FeQO4/GCE in 0.1 M PBS in the
pH range 3.1-9.0. It was observed that as the pH value of the solution increased,
the E, shifted linearly towards less positive potentials, with a slope of 54.2 mV /pH.
This value is close to the theoretical value of 59 mV/pH, indicated for electrochem-

ical processes involving same number of electrons and protons [165]. Hence, it is
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suggested that two electrons and two protons participate in the electrooxidation of

DDI, and the anticipated reaction mechanism is depicted in Figure 8.15.
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Figure 8.14: (a) Observed dependence of peak current on scan rate; (b) Variation of
the logarithm of peak current with the logarithm of scan rate; (c) Plot of E, versus

logarithm of scan rate; and (d) Dependence of E, on pH for 0.5 uM DDI in 0.1 M

e
<

Figure 8.15: Proposed electro-oxidation mechanism of DDI.
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8.3.3.2 Analytical performance

Cyclic voltammograms of DDI with varied concentrations were recorded at

Ba, 3Mn; /3Co; /3Fe;0,/GCE under optimum experimental conditions. The oxida-
tion peak current (peak height) was found to increase linearly with DDI concen-
tration in the range 1.0x107% M to 5.0x107¢ M (as depicted in Figure 8.16). The
observed linear equation was i,(107% A) = 2178.6C (R* = 0.9989), where C' is the
concentration of DDI (in mM). The detection limit (LOD) was found to be 1.0 nM.

12

10+
]-

0 1 2 3 4 5
Concentration *10” (mM)

Figure 8.16: Calibration plot observed for DDI at Ba,/3Mn;/3Coq/3Fe;0,/GCE at
pH=7.2.

The reproducibility and stability of Ba;/3Mn;3Co;/3Fe;04 /GCE was also inves-
tigated. A series of five modified electrodes were fabricated using the same procedure
and then used for the determination of 0.5 uM DDI in 0.1 M PBS. A relative stan-
dard deviation (RSD) of i, values recorded at the five electrodes was found to be
4.2%, suggesting good fabrication reproducibility of the proposed electrode. For six
successive determinations of 0.5 M DDI solution at the same modified electrode,
the calculated RSD was 3.6%. The CV response of Ba;/;sMny/3Co4/3Fe;04/GCE

was investigated for the same DDI concentration, after leaving the electrode un-
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used for seven days. The peak potential did not exhibit any change and the peak
current response also showed insignificant variation, suggesting good stability of
the modified electrode. The selectivity of Bal/gMH1/3C01/3F6204/GCE towards the
determination of 0.5 uM DDI was examined in the presence of organic species com-
monly present in real samples. The tolerance limit was fixed at the concentration
of interfering species exhibiting a signal change of 5% or more. It was found that
over 10-fold excess concentration of ascorbic acid, dopamine and uric acid did not
interfere with the voltammetric response of DDI, suggesting good selectivity of the
method.

In order to evaluate the analytical applicability of the proposed method, assays
were performed on two human urine samples. The samples were spiked with varying
quantities of DDI and the recovery study of the drug was conducted. The observed
results (summarized in Table 8.2) show satisfactory recoveries, thus validating that
the proposed method has good accuracy. Figure 8.17 displays the cyclic voltam-
mogram obtained for DDI spiked human urine sample (sample 1), where a peak is
observed at 0.75 V that refers to the presence of DDI. An additional peak is observed
at ~ 0.4 V, which is attributed to the existence of uric acid in the urine sample,
suggesting that the biological substances present in urine did not show any inter-
ference in the determination of the drug. Hence, the method can be used efficiently

for quantification of DDI in real matrices.

Table 8.2: Recovery results obtained for DDI in human urine sample at modified

Bal/gMnl/g001/3F6204/GCE.

Sr. No Added (M) Found (M) Recoveries (%)
Sample 1~ Sample 2 Sample 1 Sample 2 Sample 1 Sample 2
1 1.00x107% 1.00x107? 9.91x107* 1.01x107? 99.1 101.0
2 1.00x107% 1.00x107% 9.84x107? 9.92x107? 98.4 99.2
3 1.00x1077 1.00x1077 9.87x107% 1.01x107" 98.7 101.0
4 5.00x1077 5.00x1077  4.96x1077 5.04x1077 99.2 100.8
5 1.00x1077 1.00x107" 1.01x107" 1.02x10°7 101.4 102.3
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Figure 8.17: Cyclic voltammograms of (a) blank urine sample 1 and (b) urine sam-
ple 1 spiked with 0.5 uM standard solution of DDI, under optimum experimental

conditions.

8.4 Conclusion

The present chapter reports simultaneous substitution of Ba, Mn and Co into fer-
rite spinel structure using glycol thermal method. The spinel phase of the sam-
ple was identified using X-ray powder diffraction technique. The microstrain was
estimated from Williamson-Hall plot with the scattered data showing homogene-
ity in the sample microstrain. High-resolution transmission electron microscopy
and high-resolution scanning electron microscopy were used to monitor the mor-
phology of the as-prepared Ba; 3Mn,/3Co;/3Fe,04 nanoparticles. The results show
mono-dispersive crystallite particles having high value surface area as deduced from
Brunauer-Emmet-Teller testing. The sample was found to possess mesoporous char-
acter as observed from Barrett-Joyner-Halenda measurement. The magnetization

investigation reveals that the sample tends to become magnetically harder at lower
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temperature. The spontaneous magnetization increased with decrease in tempera-
ture. The remanent magnetization and reduced remanent magnetization values were
also found to increase with decrease in the measuring temperature. The temperature
dependence of the coercive field and magnetization are observed to follow Kneller’s
and modified Bloch’s law, respectively. The electrocatalytic activity of the syn-
thesized nanoparticles was also investigated by fabricating a Ba;/3Mn;/3Co;/3Fe;O4
nanoparticle modified glassy carbon electrode as a voltammetric sensor towards
didanosine. The modified electrode, with advantages such as simple fabrication pro-
cedure, excellent reproducibility, wide linear concentration range and significantly
low detection limit, was successfully applied for the quantification of the drug in hu-
man urine samples, thus offering a promising substitute to the commonly reported

chromatographic and spectrophotometric methods for quantification of didanosine.
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Chapter 9

Tiy 5Nig sFeoO,4 nanoparticles and
NiO-ZrO-s nanocomposite
synthesized by high energy ball

milling

9.0.1 Introduction

Nano-crystalline materials can be produce by wet chemistry (such as hydrothermal,
sol-gel, co-precipitation and combustion) or by solid state reaction methods [286].
Wet chemistry methods have an advantage of relatively low synthesis temperature
which helps in providing nanoparticles with small sizes. However, some of wet chem-
istry techniques have tedious procedures and many steps to follow in order to obtain
the final product. High energy ball milling is known as a simple and efficient syn-
thesis technique to produce nanoparticles [287]. It belongs to solid state reaction
category. In this technique the final product can be obtained directly by grinding sto-
ichiometric amount of metal oxides of a desired compound by stainless steel balls in
milling jars. The particle sizes are therefore expected to be slightly bigger compared

to wet chemistry methods. However, increasing the milling time can lead to reduced
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particle sizes. However, in some cases milling for a long time can destroy the phase
that may initially form. In this chapter we present Tiy 5Nig 5Fe;O4 nanoparticles and
NiO-ZrO, nanocomposite both synthesized by high energy ball milling under similar
synthesis conditions. To our surprise the spinel phase of Tij5NigsFe,O4 appears to
form relatively easily after about 1.5 hours of milling. The structure, magnetic and
electrochemical activity of Tig5Nig5FeoO4 nanoparticles produced after 1.5 hours of
milling are reported in this chapter. The structure and electrochemical behavior of
ball milled NiO-ZrOy nanocomposite is also discussed. In this case the NiO-ZrO,
nanocomposite is used to modify the glassy carbon electrode GCE for sensitivity

and selectivity determination of Efavirenz, an Anti-HIV Drug [288].

9.1 Structural, magnetic and electrochemical ac-
tivity of Tiy;Nij;Fe,O, nanoparticles

Nanomaterials tend to reveal unusual physical and chemical behavior compared to
their corresponding bulk materials [45]. Nano materials are associated with quantum
size effects and large surface areas [289, 290]. Magnetic nanoparticles have important
uses in several applications such as high density magnetic recording, magnetic fluids,
data storage, spintronics, solar cells, sensors, and in catalysis [291]. Nickel ferrite
with spinel structure has attracted attention due to its interesting properties such
as low coercivity, high saturation magnetization low eddy current loss, chemical and
thermal stability [292, 293]. These qualities allow NiFe;O, to be used in several ap-
plications such as gas-sensors, magnetic fluids, catalysts, magnetic storage systems,
magnetic resonance imaging, drug delivery and microwave devices [294, 295, 296].
The properties of NiFe;O4 nanoparticles can also be tuned by doping with different
cations in its tetrahedral (A) or octahedral sites (B). Furthermore, synthesis meth-
ods can also play a significant role in establishing nanoparticle sizes. In this section
we discuss the synthesis and properties of Tig 5Nig5FeoO4 nanoparticle ferrites. The
study involves structure, magnetic properties and electrochemical activity of the

synthesized compound towards potassium ferricyanide Ksz[Fe(CN)g].
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9.1.1 Experimental details

Tig5Nig5FesO4 nanoparticle ferrite was produced from high purity metal oxides
(TiO2: 99%, NiO: 99% and F304: 95%) by high energy mechanical milling in air
atmosphere at different milling times using a Retch planetary ball mill (type: PM
400) operated at 300 rev/min. The ball to mass ratio was 10:1. The phase for-
mation was characterized by a Phillips X-ray diffractometer (type: PANalytical,
EMPYREAN) using CoKa radiation. The morphology and micro-structure of the
nanoparticles were investigated on a high-resolution transmission electron micro-
scope (HRTEM) (type: Jeol . JEM-1010) and high-resolution scanning electron mi-
croscope (HRSEM) (Ultra Plus ZEISS-FEG HRSEM instrument). The elemental
compositions was investigated by energy dispersive X-ray (EDX) spectroscopy and
by inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima
2100). ®"Fe Mossbauer spectra were obtained by a conventional spectrometer us-
ing a 5"Co source sealed in Rh matrix and vibrated at constant acceleration. The
magnetic properties were investigated by using a LakeShore vibrating sample magne-
tometer (VSM). Potassium ferricyanide (K3[Fe(CN)g]) and potassium chloride (KClI)
were purchased from Merck (Pty) Ltd South Africa and used as received without
further purification. Cyclic voltammetry (CV) was performed on electrochemical
analyzer (CHI660E, CH Instruments, Inc.). The three-electrode system consisted of
a bare/modified glassy carbon working electrode, an Ag/AgCl reference electrode
and a platinum counter electrode. Prior to the modification of the bare electrode,
its surface was polished with 0.05 mm alumina slurry on a polishing cloth and then
rinsed carefully with double distilled water to produce a clean shiny surface. The
modified electrode was finally fabricated by drop-casting a 0.5 mg mL~! aqueous so-

lution of Tiy5Nig5FesO4 nanoparticles onto the cleaned and dried electrode surface.

9.1.2 Results and discussion

The phase structure of Tig 5Nig 5FesO4 nanoparticles was confirmed by X-ray powder
diffraction (XRD) as shown in Figure 9.1. A small additional peak at 6§ ~ 29°

is noticed for samples milled for 0.5, 1, 2 and 40 hours. However no impurity
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peaks is observed for the sample milled for 1.5 hours. This appears to be a unique
sample to study and a strong motivation to investigate the structural, magnetic
properties and electrochemical properties for TigsNigsFesO4 milled for 1.5 hours.
The lattice parameter a was calculated using Bragg’s law (equations 4.1.1) and
equation 4.1.2. The average particle sizes were calculated using Scherrer formula
(equation 4.1.3). The obtained values of lattice parameter and crystallite sizes for
the as-prepared TigsNigsFe;O4 nanoparticles are found to be 0.84040.003 nm and
29.014+0.2 nm. The XRD densities pxrp were calculated using equation 4.1.4. The
percentage porosity P (%) of the sample was obtained by using the equation 4.1.6.
The calculated value of pxgp and P(%) are found to be 3.464+0.04 g/cm™* and 40%
respectively. The microstrain € was studied based in the Williamson plot as shown
in Figure 9.2. The distribution of the data points shows homogeneous microstrain in
the synthesized Tig 5Nig5FesO4 nanoparticles that is based on the synthesis method.
The value of microstrain ¢ from Figure 9.2 was found to be 0.003540.0007.

The elemental composition was identified by energy dispersive X-ray (EDX) as
shown in Figure 9.3 (a). The results show only the expected elements of Ti, Ni,
Fe and O in the synthesized Tip;Nig5Fe;O4 nanoparticles. The inset in Figure 9.3
shows weight percentages of the detected elements. The elemental composition was
studied further by inductively coupled plasma optical emission spectrometry (ICP-
OES) technique. The measurements show that the elemental mass percentages in
the Tiy5Nip5Fe;O4 nanoparticles are Ti: 16.33%, Ni: 21.43% and Fe: 62.24%. The
expected values for Ti, Ni and Fe are 14.50 %, 17.85% and 67.65 % respectively.
Figure 9.3 (b) shows the elemental distribution on the surface of the synthesized
Tigp 5Nig5FesO4 nanoparticles. It is clear that the Ti and Ni are well distributed on
the surfaces of the nanoparticles.

The morphology of the synthesized Tiy5NigsFesO4 nanoparticles was studied
by high-resolution transmission electron microscopy (HRTEM) and high- resolution
scanning electron microscopy (HRSEM). The images in Figure 9.4 show that the
nanoparticles have regular shape and monodispersed with a small degree of ag-
glomeration. The diffraction was also achieved by HRTEM measurements. The

reflection from planes (111), (311) and (511) are shown in Figure 9.4 (b). The corre-
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Figure 9.1: XRD patterns of Tig 5Nig5Fe;O4 ferrite nanoparticles milled for different

time.
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Figure 9.2: Williamson-Hall plot of fcosf Vs 4sin€ of TipsNigsFesOy ferrite

nanoparticles milled for 1.5 hours.

sponding diffraction planes confirm the crystalline spinel structure of the synthesized
Tig5Nig5FesO4 nanoparticles. The HRTEM and XRD results are consistent with
each other.

Figure 9.5 (a) shows room temperature °"Fe Mossbauer spectrum of the synthe-
sized Tip5Nig5FesO4 nanoparticles. The data were fitted using two Zeeman sextets.
This is associated with the presence of Fe ions in tetrahedral (A) and octahedral (B)
sub-lattices. The values of isomer shift § were found to be 0.64+0.02 and 0.3040.01
mm/s for A and B sites respectively. The values of § in the range 0.6-1.7 mm/s
are for Fe’T, and 0.1-0.5 mm/s are for Fe*™ [227]. Therefore, the values of § for

the synthesized Tig5Nig5Fe;O4 nanoparticles reveal that both Fe3™ and Fe?* ions
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Figure 9.3: EDX results (a) and elemental mapping (b) of Tig 5Nig5FeaO4 milled for
1.5 hours.

177



EHT = 2000 kV

Mag = 29 66 K X i =sE2)
ag WD= 85mm  SianelA=SEZL

Figure 9.4: HRTEM (a), HRTEM diffraction (b) and ERSEM (c) images for

Tig5Nig5FesO4 nanoparticles milled for 1.5 hours.

co-exist in the sample. The hyperfine field H values were found to be 45342 kOe
at tetrahedral (A) site and 49141 kOe at octahedral (B) site. These fields are as-
sociated with super-exchange interactions between magnetic moments in A and B
sub-lattices. The value of line width I at A site of 0.434+0.07 mm/s is greater than
of 0.214£0.08 mm/s on B site. The larger broadening at A site is suspected to be
due to the presence of Fe?*. The values of the iron ions fraction population f were
found to be 55% and 45% for A and B sites respectively.

The magnetization measurements were performed on a vibrating sample mag-
netometer (VSM) in external magnetic fields of £14 kOe. Figure 9.5 (b) shows

the room temperature M-H loop of the synthesized Tig5Nig5FesO4 nanoparticles.
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The saturation magnetization Mg of 71.5£0.1 emu/g was obtained from fitting the
initial magnetization curve as shown in the inset of Figure 9.5 (b). The initial mag-
netization curve is fitted according to the approach to saturation magnetization by
equation 2.7.1. Room temperature magnetic properties are associated with strong
super-exchange interactions between A and B sublattices as described by Néel’s
model [22]. The obtained values of coercive field H¢, remenance M, and squareness
M, /Mg are found to be 216£16 Oe, 16£1 emu/g and 0.225, respectively.

The electrochemical behavior of the synthesized Tip5NigpsFe;O4 nanoparticles
modified electrode was explored using the redox species, K;[Fe(CN)g]. Figure 9.6
(A) shows the cyclic voltammograms (CVs) observed for 2.0 mM Kj[Fe(CN)g] in 0.1
M KClI solution at bare GCE and Tig 5Nig5Fe;O4/GCE in the potential range from
-0.2 to 0.6 V at a scan rate of 100 mV/s. Both electrodes exhibited distinct redox
peaks. However, an improvement in the CV response was noted at the modified
electrode. The peak potential was found to shift towards less positive values with a
significant increase in the peak current compared to the bare electrode. This indi-
cates that the Tip5Nig5FesO4 nanoparticles enhance the electron transfer rate thus
electrocatalyzing the redox process of K3[Fe(CN)®]. The electrocatalytic activity is
anticipated to be due to the high surface area and remarkable electrical conductiv-
ity of the synthesized TigsNig5Fe;O4 nanoparticles. In order to confirm that the
Tig5Nig 5FesO4 nanoparticles enhance the active surface area of the modified elec-
trode, CVs of 2.0 mM potassium ferricyanide in 0.1 M KCI at varying scan rates
were recorded at bare GCE and Tig;Nig5Fes04/GCE (as depicted in Figure 9.6
(B)). According to the Randles-Sevcik equation, for a reversible reaction at 25 °C
the peak current ip is given by i, = 2.99 x 10°n(an,) /2 ACDY*Cv"/? ( see equation
4.4.3). The active surface area A was calculated from the slope of the oxidation
peak current versus the square root of the scan rate (inset of Figure 9.6 (B)) and
was found to be 0.069 cm? and 0.154 cm? for bare GCE and Tig5Nig5Fe;04/GCE,
respectively. The surface area of the modified electrode is approximately 2 times
higher than that of the bare electrode, suggesting significant electrocatalytic activity

of the Tiy5Nig5FesO4 nanoparticles.
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Figure 9.5: Room temperature (a) Mossbauer (b) M — H curve of Tig5Nigs5FesOy
milled for 90 minutes. The inset in (b) is the initial magnetization curve fitted

according to the empirical approach law to saturation magnetization.
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Figure 9.6: (A) Cyclic voltammograms of 2.0 mM Kj3[Fe(CN)%] in 0.1 M KCI solu-

tion at (a) bare GCE and (b) TigsNig5Fes04/GCE at a scan rate of 100 mV/s.

(B) Cyclic voltammograms of 2.0 mM Kj[Fe(CN)%] in 0.1 M KCI solution at

TigsNigsFe204/GCE at different scan rates ranging from 5 mV/s to 250 mV/s.

(Inset displays plot of peak current versus square root of scan rate).
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9.2 Structural and electrochemical activity of NiO-
ZrO, nanocomposite

Efavirenz (EFV, Scheme 9.7) is a well-known human immunodeficiency virus (HIV)
type 1 specific non-nucleoside reverse transcriptase inhibitor [297]. Chemically, EFV
(marketed as Sustiva) is known as 6-chloro-4-(2-cyclopropylethynyl)-4-

(trifluoromethyl)-2,4-dihydro-1H- 3,1-benzoxazin-2-one. The drug is a vital part of
highly active antiretroviral therapy (HAART) and is usually prescribed in combi-
nation with other anti-HIV drugs for the management of the disease as a first line
of treatment in HIV-infected patients [298]. Approved by the FDA in 1998, EFV
functions via suppressing reverse transcriptase activity by binding to the catalytic
site of the enzyme, thus prohibiting it from transcribing viral RNA into DNA and

infecting more cells [299].

Figure 9.7: Scheme shows the chemical structure of Efavirenz.

It is a poorly water soluble BCS (Biopharmaceutics Classification System) class-
IT drug which metabolizes in the liver, and may interact with other livermetabo-
lized drugs necessitating change in the administered dose [300]. Though well tol-
erated, EFV is associated with a range of mild to moderate adverse effects, which
include skin rash, dizziness, headache, insomnia, light-headedness, impaired concen-
tration, subclinical hearing loss, aggression, anxiety, hallucinations and depression
[301, 302, 303, 304]. High level of drug overdose may induce toxicity with more pro-
nounced side effects. Recently, reports on misuse of EF'V for recreational purpose

have surfaced due to its psychedelic effects allegedly similar to LSD [304]. EFV
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analysis is thus considered essential for quality control, drug screening and to at-
tain optimum therapeutic concentration, while minimizing the risk of overdosage.
Hence, the development of a simple and sensitive method for the determination of
EFV is of high importance and interest. Various chromatographic, spectrophoto-
metric and spectrometric methods have been developed for the quantification of
EFV [305, 306, 307, 308, 309, 310, 311, 312]. These methods are expensive and in-
volve time consuming derivatization steps. Electrochemical methods have therefore
attracted considerable interest in the field of drug analysis because of their simplic-
ity, low cost, fast response and high sensitivity in detecting drugs without requiring
tedious extraction or pretreatment processes. However, to date only two electroana-
lytical methods have been reported for the analysis of the drug. Dogan-Topal et al.
[313] investigated the differential pulse voltammetric behavior of EFV at a dsDNA
modified disposable pencil graphite electrode and quantified the drug in commercial
tablets. Later, Castro et al. [314] developed a differential pulse adsorptive stripping
voltammetric method at the mercury film electrode to measure EFV concentration.

The modification of conventional electrodes with nanoparticles has been the focus
of attention in recent decades since it conveys unique physical and chemical proper-
ties of the nanoparticles to the electrode surface, exhibiting obvious advantages in
the field of electroanalysis and electrocatalysis [315]. In recent years, various transi-
tion metal oxide nanoparticles, such as zinc oxide, copper (1) oxide, nickel oxide and
cobalt oxide, have been used for electrode fabrication in order to improve the selec-
tivity and sensitivity of the electrochemical sensor. Among these, nickel oxide (NiO)
is one of the most promising metal oxide nanoparticle having diverse applications in
electrochemical supercapacitors, magnetic materials, electrocatalysis and biosensors
due to its abundance, low cost, high electrical conductivity and exceptional catalytic
activities [316, 317]. Zirconia (ZrOs) nanoparticles are also of great interest due to
their appreciable chemical inertness, thermal stability, adaptable structure, high
electrical conductivity along with the property to enhance strength and toughness
leading to applications in optics, catalysis, adsorption, catalytic support, sensors,
electrical, thermal and magnetic fields of interest [318, 319]. It is well-known that

the properties of nanoparticles could be effectively tuned by mixing two or more
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elements/oxides together. NiO and ZrO, nanoparticles offer various functions for
electroanalysis, with these nanoparticles being reported for their enhanced catalytic
and conductivity properties owing to the nano dimensions that facilitate the electri-
cal contact of redox-sites in the analyte with the electrode surface. High probability
of amplification of the electrochemical response in the presence of both of these
nanoparticles motivated us to combine NiO and ZrO, nanoparticles and use the
nanocomposite to modify the electrode for detection of the analyte. Thus, the com-
bination of NiO and ZrO, nanoparticles provides an attractive approach to fabricate
the electrode surface with an aim to achieve enhanced sensitivity and selectivity. The
present work reports the synthesis and characterization of NiO-ZrOs nanocomposite
followed by its immobilization on the surface of a glassy carbon electrode (GCE) to
develop a voltammetric sensor to determine the anti-HIV drug, EFV. The method
displays a novel efficient protocol for the sensitive and selective quantification of the

drug in real samples [288].

9.3 Experimental details

9.3.1 Materials and reagents

Pure powdered EFV, NiO and ZrO, was purchased from Sigma-Aldrich. Other
chemicals used were of analytical grade and obtained from Merck. 0.1 M phosphate
buffer solutions (PBS), used as a supporting electrolyte, were prepared by mixing
solutions of NayHPO, and NaH,PO, according to the method given by Christian
and Purdy [320]. Standard stock solution of EFV (1 mM) was prepared by dissolving
it in pure methanol and stored in the dark when not in use. Double distilled water
was used throughout the experiments. Prior to each measurement, pure nitrogen
gas was purged into the EFV containing solution for 5 minutes in order to remove

dissolved oxygen from the solution.
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9.3.2 Apparatus

The electrochemical experiments were performed using electrochemical analyzer
(Model 800B Series, CH Instruments, Inc.) arranged in conjunction with a com-
puter for data storage and processing along with a conventional three-electrode
system. The three-electrode system comprised of an Ag/AgCl reference electrode, a
platinum counter electrode and a bare/modified glassy carbon working electrode (3
mm diameter). All the three electrodes (working, reference and counter) were pro-
vided by CH Instruments, Inc. (USA). The pH of the buffer solutions was checked
using CyberScan pH 510 bench pH meter (Eutech Instruments). The applicabil-
ity of the proposed method for analysis of the drug in commercial pharmaceutical
preparations was verified using a Shimadzu UV spectrophotometer (Model UV-1800,
Shimadzu Corporation, Japan) with a quartz cell (optical path of 1 cm). Bruker
D8 advance X-ray powder diffractometer (XRD) using CuKa radiation was used
for X-ray diffraction measurement of the sample. High-resolution scanning elec-
tron microscopy (HRSEM) and high-resolution transmission electron microscopy
(HRTEM) measurements were performed on a Carl Zeiss Ultra Plus ZEISS-FEG
and Jeol JEM-1010 instruments, respectively.

9.3.3 Synthesis of nanoparticles

The NiO-ZrOs nanoparticles mixture was in mole proportion of 2:1 and was pro-
duced from high purity metal oxides (NiO: 99% and ZrO,: 99%) by high energy
mechanical milling in an atmosphere of air for 10 hours using a Retch planetary ball
mill (type: PM 400) operated at 300 rev/min. The ball to mass ratio in milling the

sample was 10:1.

9.3.4 Preparation of modified electrode

Prior to the electrode modification, the GCE surface was cleaned by polishing with
0.05 mm alumina slurry on a polishing cloth until the surface had a shiny appearance.
The polished electrode was then rinsed thoroughly with double-distilled water and

then dried in air at room temperature. 5.0 uL of an aqueous suspension of the NiO-
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ZrO, nanoparticles (0.02 mg mL~!) was drop coated onto the cleaned GCE surface
and dried. A uniform adherent dark red coating of the synthesized nanoparticles
was formed on the GCE surface and the resultant electrode was denoted as NiO-

710,/GCE.

9.3.5 Sample preparation

The commercially available EF'V tablet was grounded to a homogeneous fine powder
and then each of the pharmaceutical formulations (tablet and capsule powder) was
diluted with methanol. Appropriate solutions were prepared by taking suitable
diluted aliquots and the proposed procedure was applied for analysis of the drug in
the respective pharmaceutical samples under similar conditions as used to attain the
calibration plot. The urine samples were obtained from laboratory personnel and
diluted 100 times by phosphate buffer of pH 7.2, with the dilution process greatly
reducing the matrix effect. The cyclic voltammetric method was then applied to

quantify the drug in spiked human urine samples.

9.4 Results and discussion

9.4.1 Characterization of synthesized NiO-ZrO; nanocom-

posite

Figure 9.8 shows the XRD patterns for NiO-ZrO, nanocomposite. The average
crystallite size D was calculated from the highest peaks using the Scherrer formula
as shown in equation 4.1.3. The average crystallite sizes are displayed in Figure 9.8.
There is contrast in the crystallite sizes among the NiO and ZrO, nanocomposite
particles. The average crystallite sizes of NiO of 14.£1 nm is greater than 11+0.4
nm for ZrQOs,.

The morphology of the NiO nanoparticles, ZrO, nanoparticles and the synthe-
sized nanocomposite was studied using HRSEM and HRTEM, as depicted in Figure
9.9 and Figure 9.10, respectively. The NiO-ZrO, nanocomposite shows a low degree

of agglomeration since the boundaries between the particles are well-defined (Figure
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Figure 9.8: XRD patterns of NiO-ZrO, nanocomposite.

9.9 (C)). Furthermore, it is anticipated that smaller particles represent ZrO, par-
ticles whilst the larger ones show the average particle size of NiO. Figure 9.10 (D)
displays the HRTEM images of NiO-ZrOy nanocomposite in the magnification on a
10 nm scale. The image displays lattice fringes, which indicate that the particles are
crystalline. Qualitatively, the elemental composition of the nanoparticle composite
was determined by EDX, revealing the presence of only Ni, Zr and O in the sample,
which is consistent with the composition of the starting materials. The EDX mea-
surement for NiO-ZrO, nanocomposite is depicted in Figure 9.11. The nanoparticles
do not interact chemically since no secondary phase was detected between NiO and
ZrO4 nanoparticles. However, there are attractive forces such as van der Waals and

electrostatic forces present between the particles that lead to their agglomeration.

187



Q00mm, g -10536Kx oo - STOKY Signal A= SE2

=

& = S
EHT - 20.00 KV Mag = 16.29 KX

R hng - pEIPE Signal A=InLens  ELT = 2000 KV Mag = 23126 KX 00

| Probe =94pA WD =9.4mm

Figure 9.9: HRSEM images of (A) NiO, (B) ZrO; and (C) NiO-ZrOs nanocomposite
(low magnification) and (D) NiO-ZrO, nanocomposite (high magnification).
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Figure 9.10: HRTEM images of (A) NiO, (B) ZrOy and (C) NiO-ZrO, nanocom-

posite (low magnification) and (D) NiO-ZrOy nanocomposite (high magnification).
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Figure 9.11: EDX image for NiO-ZrO, nanocomposite.

9.4.2 Electrochemical behavior of NiO-ZrO,/GCE

The electrochemical behavior of NiO-ZrO,/GCE was investigated using potassium
ferricyanide, K3[Fe(CN)g], as the redox probe. The cyclic voltammograms for the
bare, ZrOs; nanoparticle modified GCE (ZrO3/GCE), NiO nanoparticle modified
GCE (NiO/GCE) and NiO-ZrO,/GCE were observed in the presence of 1 mM
K;[Fe(CN)g] in 0.1 M KCI solution, exhibiting well-defined redox peaks, as depicted
in Figure 9.12. Both the ZrO,/GCE and NiO/GCE displayed an improved peak
current response as compared to the bare electrode, with the latter also showing a
slight reduction in peak potential £,. However, a significant increase in peak cur-
rent accompanied with a noticeable shift in E, was observed at the NiO-ZrO,/ GCE,
which suggests that the presence of the nanoparticle composite accelerates the rate
of electron transfer at the electrode/electrolyte interface. This is attributed to the
synergistic influence of NiO and ZrO, nanoparticles leading to good stability, strong

adherence, high surface area and superior electrical conductivity of the synthesized
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nanoparticles.

To determine the electroactive surface area A of NiO-ZrO,/GCE, cyclic voltam-
mograms of 1 mM Kj[Fe(CN)g] in 0.1 M KCl solution were recorded at varying scan
rates (Figure 9.13). The area A was determined using the Randles-Sevcik equation
as shown in equation 4.4.2. The diffusion coefficient D for [Fe(CN)g]*>~ is 7.6x107°
cm?/s. Based on the slope of the i,, versus v'/2 plot (inset of Figure 9.13), the ef-
fective surface area of the modified electrode was calculated to be 0.651 cm?, which

is almost ten times more than that at bare GCE.
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Figure 9.12: Typical cyclic voltammograms of 1 mM Kj3[Fe(CN)g] in 0.1 M KCI
solution at (a) bare GCE, (b) ZrOy/GCE, (c) NiO/GCE and (d) NiO-ZrO,/GCE

at a scan rate of 50 mV/s
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Figure 9.13: Cyclic voltammograms of 1 mM Kj;[Fe(CN)g] in 0.1 M KCI solution at
various scan rates (b mV/s to 250 mV/s) using NiO-ZrO2/GCE. The inset shows
the plot of dependence of 7,, on v'/? at NiO-ZrO,/GCE.

9.4.3 Electrochemical behavior of EFV at NiO-ZrO,/GCE

The electrochemical behavior of 10 uM EFV at bare electrode and NiO-ZrO,/GCE
was investigated at physiological pH of 7.2 using cyclic voltammetry (CV), with a
weak irreversible oxidation peak being observed at 1.2 V at bare GCE. However,
under similar conditions and using the modified electrode in the same solution, a
well-defined oxidation peak was noticed at 1.1 V. The enhanced peak current re-
sponse along with a simultaneous negative shift in peak potential clearly indicate
that the NiO-ZrO, nanoparticle composite expresses strong electrocatalytic activity
towards EFV oxidation. This is attributed to the increased surface area and im-
proved conductivity provided by the nanocomposite leading to a significant increase

in the electron transfer. Cyclic voltammograms obtained for electrochemical oxida-
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tion of 10 uM EFV are illustrated in Figure 9.14. Since no peak was noticed in the

reverse scan, it suggests that the electrode process is irreversible in nature.
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Figure 9.14: Cyclic voltammograms observed (a) in absence of EFV at NiO-
ZrO5/GCE and in presence of 10 uM EFV at (b) bare GCE and (c) NiO-ZrO,/GCE
in 0.1 M PBS (pH 7.2) at a scan rate of 100 mV/s.

The influence of scan rate on the voltammetric response of EFV was investigated
at the modified electrode under similar experimental conditions. The ¢, was found
to be proportional to v in the range of 5 mV/s to 250 mV/s (Figure 9.15 (A)),
with the linear equation being i, = 0.019v + 0.1274 (R?=0.9969), indicating an
adsorption-controlled electrochemical process [163]. This is further confirmed by
plotting log 7, verses log v (Figure 9.15 (B)) that exhibits a straight line with a slope
of 0.9, which is close to the theoretical value of 1.0 for an ideal adsorption-controlled
process [164]. It was also observed that the E), shifted towards more positive values

with an increase in scan rate (Figure 9.15 (C)), confirming the irreversibility of the
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oxidation process [285]. The linear relationship between E, and logv is represented
by the equation: £, = 0.0485 logv + 1.0334, with a correlation coefficient of 0.9957.

According to Laviron [161], for an irreversible electrode process, £, can be expressed
2.303RT] log {RTkO} n {2.303RT
— lo

ank’ ank’ ank’
of an can be calculated from the slope of E, versus logv by considering 7' = 298

K, R = 8.314 J/K mol, and F = 96480 C/mol. The an value was then employed

by equation E, = E°+ { } logv. Thus, the value

to calculate n using the equation 4.4.5 [162]. The number of electrons exchanged

n was found to be one suggesting that one electron is involved in the oxidation of

EFV at NiO-ZrO,/GCE.
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Figure 9.15: (A) Observed dependence of peak current on scan rate for 10 uM EFV
at pH 7.2; (B) Variation of the logarithm of peak current with the logarithm of scan
rate; (C) Plot of £, verses logarithm of scan rate for 10 uM EFV at pH 7.2.
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The effect of pH on electro-oxidation of 5 uM EFV at NiO-ZrOy/GCE in 0.1 M
PBS was investigated with pH values ranging from 4.0 to 11.0. It was observed that
the E, shifted negatively with increase in the pH value. A linear relationship was
observed between £, and pH, which is expressed by the equation: £, (mV) = 1.549
- 0.0597 pH, with a correlation coefficient of 0.9911. A slope value of 0.0597 V/pH
was obtained, which is almost equal to the theoretical Nernstian value characteristic
for an electrode reaction involving same numbers of electrons and protons [165].
This suggests that equal number of protons and electrons participate in the electro-
oxidation of the drug. It is anticipated that the oxidation of the nitrogen atoms
occur, involving one electron and one proton and producing free radical species, as

depicted in Figure 9.16.

Figure 9.16: Proposed electro-oxidation mechanism of EFV.

Under optimum experimental conditions, the anodic peak current (peak height)
was found to have a linear relationship with EFV concentration in the range 1.0x 1078
to 1.0x107° mol L' (Figure 9.17) and the linear regression equation is expressed
as: i, (A) = 220.49C; with a correlation coefficient of 0.9989, and where C' is the
concentration of EFV in mM. The detection limit for the determination of EFV was
calculated to be 1.36 nM (based on three times signal-to-noise ratio). The proposed
method exhibits wide linear range, high sensitivity and low detection limit.

The stability of NiO-ZrO,/GCE was investigated by storing the electrode for 15
days and later using it to determine 10 uM EFV. A slight decrease in the peak current
was observed with a relative standard deviation (RSD) of 3.6% suggesting that the
modified electrode has good stability. The reproducibility of NiO-ZrOy/GCE was
checked by analysing the voltammetric response of 10 uM EFV using six electrodes
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prepared independently and the RSD was found to be 2.7%. Minute variation in
i, was observed when six replicate measurements were recorded for 10 M EFV
using the same electrode (RSD = 2.11%). These results indicate that the modified

electrode possesses significant stability, reproducibility and repeatability.

2.5

0.0 - . .
0.000  0.003  0.006

EFV (mM)

Figure 9.17: Calibration plot observed for EFV at NiO-ZrO,/GCE at pH 7.2.
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In order to evaluate the practical utility of the proposed method, the amount of
EFV was quantified in three commercial pharmaceutical samples, one 600 mg tablet
and two (50 mg and 200 mg) capsules. UV spectrophotometry was employed as the
reference technique. Prior to the determination of EFV | the samples were dissolved
in methanol and then diluted by water, so that the concentration of the drug was in
the working concentration range. Cyclic voltammograms were then recorded using
NiO-ZrO2/GCE. The results were found to be accurate and in good agreement with

the claimed amount stated by the manufacturer (as demonstrated in Table 9.1). It
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was also observed that presence of excipients in the tablet did not interfere in the
quantification of the drug. Thus, the proposed method presented good accuracy and

precision for determination of EFV in pharmaceutical preparations.

Table 9.1: Determination of EFV in pharmaceutical preparations at NiO-ZrO,/GCE

@ and using UV-visible spectrophotometer®.

Sample  Stated content Detected content (g/tablet)  R.S.D. (%) (n=3)
(g/tablet) Proposed Reference Proposed Reference

Method? Method? Method®  Method®
Tablet 0.050 0.049 0.048 1.22 0.88
Capsule-1 0.200 0.197 0.204 1.47 1.70
Capsule-2 0.600 0.602 0.602 1.03 0.75

The analytical utility of NiO-ZrO,/GCE was also examined for drug analysis in
two human urine samples. Urine samples were spiked with different quantities of
EFV and the recovery study of the drug was then performed using the standard
addition method. The observed results of the recovery studies are summarized in
Table 9.2. The recovery rates of the spiked samples were found to be between
97.6 and 102.8%, indicating that the accuracy of the proposed method is excellent.
Figure 9.18 depicts the cyclic voltammograms of the blank and EFV spiked human
urine (sample 1), where the peak at 1.1 V is due to the presence of EFV, while
the peak at ~ 0.4 V suggests the existence of uric acid in the sample, eventually
establishing that the presence of biological substances in urine did not interfere in
the determination of the drug. Hence, it is clear that NiO-ZrO,/GCE has great
potential for the determination of EFV in human body fluids. A comparison of
the electrochemical methods reported to determine EFV (depicted in Table 9.3)
indicates that the proposed method is superior to other methods, particularly in

terms of detection limit and practical analytical applicability.
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Table 9.2: Recovery results obtained for EFV in human urine sample at NiO-

ZrO2/GCE.
Sr. No Added (M) Found (M) Recoveries (%)
Sample 1  Sample 2 Sample 1  Sample 2 Sample 1 Sample 2
1 1.00x107% 1.00x107% 9.84x10~" 9.76x10~" 98.4 97.6
2 3.00x107% 3.00x107% 2.98x107% 3.03x107 99.3 100.4
3 5.00x107% 5.00x107% 4.99x107% 5.02x1076 99.8 100.4
4 7.00x107% 7.00x107% 7.08x10°¢ 7.20x10°% = 101.1 102.8
5 1.00x107° 1.00x10~° 9.89x10~6 1.01x1075  98.9 101.0
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Figure 9.18: Cyclic voltammograms of (a) blank urine sample 1 and (b) urine sample

|
1.2

1 spiked with 10 gM standard solution of EFV, other conditions being same as in
Figure 9.14.
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Table 9.3: A comparison of electrochemical methods reported for determination of

EFV.

Electrode Concentration range LOD Applicability Ref.
(in M) (in M) No
PGE 5.70x1078 to 8.11x107% 1.33x10™® In pharmaceutical 17
dsDNA/PGE  6.33x107% to 7.60x107° 1.90x107¢ preparations
TFME 3.17x10-8 to 7.92x10-7 3.00x107? N/R 18

NiO-ZrO,/GCE  1.00x1078 to 1.00x107% 1.36x107% In pharmaceutical Present
preparations and work

human urine

LOD: Limit of detection; PGE: Pencil graphite electrode; dsDNA/ PGE: dsDNA modified PGE;
TFME: Thin film mercury electrode; NiO-ZrOs/GCE: NiO-ZrO2 mixed nanoparticles modified
glassy carbon electrode; N/R: Not Reported.

9.5 Conclusion

Tip5Nig 5FesO4 nanoparticle ferrite was successfully produced by high energy ball
milling. The phase structure was confirmed by XRD measurements. The spinel
phase structure was formed within milling time of about 1.5 hours. Continued
milling seems to be destroy the phase as shown by XRD results. The energy dis-
persive X-ray (EDX) results show that the elemental distribution is well spread in
the sample surface. The results also confirm the presence of only Ti, Ni, Fe and O
in the sample. The elemental analysis was further studied by inductively coupled
plasma optical emission spectrometry (ICP-OES) measurements which provide more
quantitative measurement of the elements in the sample. Room temperature *"Fe
Méssbauer measurements show evidence of Fe?* and Fe?T in the sample. We suspect
that Fe?T causes broadening in the line width at tetrahedral (A) site. The electro-
chemical measurements show enhancement in cyclic voltammetery response in the
presence of potassium ferricyanide K;[Fe(CN)g]. The surface area of the modified
electrode was enhanced by abut double that compared of the bare electrode.

A simple and sensitive voltammetric sensor for determination of EFV using NiO-

Z1r0y/GCE was developed. The increase in the peak current at the modified sensor
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is assigned to higher electrocatalytic activity and can be attributed to the combined
effects of the high surface area and conductivity of NiO and ZrO, nanoparticles in
the nanocomposite. The modified electrode has been successfully applied in the
determination of EFV in pharmaceutical preparations and human urine samples.
The NiO-ZrOy/GCE can therefore be considered as a novel and promising tool for

the electrochemical analysis of a range of analytes, including EFV.
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Chapter 10

(General conclusions

The glycol-thermal method was used to synthesize Mg, Sr,Mn,Co;_3,FesOy (x
=0, 0.1, 0.2, 0.3, 1/3), Bag5Coq5Fe04, Sr1/3Mn; ;3Co01 /3Fe204 and
Ba;/3Mn; /3Co;/3Fe;04 nanoparticles. Single phase spinel structure of the synthe-
sized compounds was confirmed by X-ray powder diffraction (XRD). The average
particle sizes of the synthesized nanoparticles were found to be in the range between
7 to 9 nm. This is associated with the low synthesis temperature of glycol-thermal
technique at 200 °C. The Williamson plots show that the synthesized nanoparticles
have homogeneous strain. The morphology of the samples were investigated by high
resolution transmission electron microscopy (HRTEM) and high resolution scanning
electron microscopy (HRSEM). The images obtained from HRTEM show that the
synthesized nanoparticles have well defined crystalline structures and lattice fringes.
The HRTEM measurements support the XRD results in term of crystallinity and
particle sizes. The HRSEM images show regular shapes and some degree of agglom-
eration.

The magnetic properties were investigated by magnetization and Mdéssbauer mea-
surements. Room temperature measurements for the series Mg, Sr,Mn,Co;_3,FesOy
(zx =0,0.1, 0.2, 0.3, 1/3) show that substitution of Co by Mg, Sr, and Mn collapse
the sextets of Mossbauer spectra gradually from z = 0 up to 1/3 by showing de-
creasing magnetic hyperfine fields at room temperature. The magnetizations were

investigated first by a vibrating sample magnetometer (VSM) in external magnetic
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fields of 14 kOe and on cryogen free measurement system CFMS in external magnetic
fields of up to 50 kOe. The magnetization did not saturate even at 50 kOe indicating
significant spin canting. However, the approach to saturation was deduced by fitting
an empirical formula to the initial magnetization curves in order to obtain the sat-
uration magnetization Mg. We have found significant correlation between Mg and
particle sizes. The magnetization measurements were also performed in the temper-
ature range of 2 K to 300 K, which show samples that are magnetically harder at low
temperature. The results also reveal distortion in the M-H loops. The temperature
dependence of the magnetization was fitted using modified Bloch’s law whilst the
coercive field followed Kneller’s law. The sample Mgy 2SrgoMng2Cog 4FesO4 shows
that the substitution in the present work significantly enhances the Mg and Hg
compared to the work reported in reference [170].

Triple substitution to produce (Sr, Ba); sMn;/3Co0;/3Fe;04 were achieved suc-
cessfully. The Brunauer-Emmett-Teller (BET) surface area measurements and
Barrett-Joyner-Halenda (BJH) measurements show high surface areas of 109.3 m?/g
and 116 m?/g for Sr- and Ba- based samples respectively with associated meso-
porous characteristic of the synthesized samples. The saturation magnetization Mg
follows modified Bloch’s law. The fitting of Mg values were needed an extra term
to represent frozen spins at low temperature for the sample Sry/3Mn;/3C0;/3Fe;04
nanoparticles. The magnetization Mg increased from 67.5 emu/g and 66.5 emu/g
at 300 K to 83.5 emu/g and 84.4 emu/g at 300 K for Sr- and Ba based samples
respectively. The increase of the coercive field from 0.20 kOe and 0.09 kOe at 300 K
to 11.2 kOe and 10.1 kOe at 4 K for Sr- and Ba based samples respectively indicates
that the samples become magnetically harder at lower temperature. The coercive
field was fitted by Kneller’s law in the temperature range 7' < Ts. This synthesized
Sri/3Mn; ;3Coq 3Fe;O4 nanoparticles show a significantly higher value of coercive
field at room temperature compared to the work reported in reference [169]. Thermal
annealing affects the structure and magnetic properties of the Sr;3Mn, 3Co;/3Fe;0y4
nanoparticles. The sample annealed at T4 = 500 °C and measured at 4 K shows
higher value of coercive field of 9.24£0.03 kOe compared to 0.2440.03 kOe for the

as-prepared sample. We associate this with the increase in crystallite sizes.

201



The compound Bag5Cog5FesO4 was found to have a high surface area of 137
m?/g as deduced from BET surface area measurements. The temperature depen-
dence of its magnetization shows evidence of spin freezing at low temperature and
was investigated by performing zero field cooling (ZFC) and field cooling (FC) mea-
surements. The influence of annealing temperature T4 on the structural and mag-
netic properties was also investigated. As expected, the particle sizes increased as
T4 increased from 200 °C to 500 °C. The saturation magnetization decreased as
the T4 increased whilst the coercive field increased. The onset of an impurity phase
appeared in the XRD pattern for T4 = 600 °C.

Bag 5Cog 5Fes 04 was used to develop highly sensitive sensor for voltammetric de-
termination of ciprofloxacin (CFX). The results show that the Bag5Cog 5Fe2O4/GCE
has excellent electrocatalytic activity towards the oxidation of CFX in a linear con-
centration range from 1.0x1078 M to 0.5x1073 M and a detection limit of 5.8 nM.
The suggested method of using modified Bag5Cog5Fe;04/GCE was found to be
simple, accurate, precise, specific and inexpensive for the determination of CFX in
bulk as well as in tablet dosage forms [40].

The electrochemical activity of the synthesized Ba;/3Mn;,3Co;/3Fe;04 nanopar-
ticles show high-performance of the modified GCE. Hence the electrocatalytic ac-
tivity of the modified electrode further extended towards detection of didanosine,
an anti-HIV drug. The modified GCE appears to have excellent electrocatalytic
activity. The new electrode was highly stable, gave reproducible results and was
successful in determining trace amounts of didanosine in human urine samples [321].

We have also undertaken preliminary studies of Tig 5Nig 5FeoO4 nanoparticles and
NiO-ZrOy nanocomposites produced by high energy ball milling techniques. The
synthesis of spinel ferrites by mechanical milling usually tend to take many hours of
milling and maybe followed by a long sintering process. However, the spinel structure
of Tig5Nig 5FeoO4 was formed by milling the starting oxides for about 1.5 hours. This
is a relatively short time for single phase to form in spinels. Milling for at least 2
hours appears to destroy the spinel phase. The Tij 5Nig 5FeoO4 nanoparticles show
easy single phase formation and good electrochemical activity. These are interesting

results that we want to pursue in a future study. The electrocatalytic activity of
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modified NiO-ZrOy/GCE towards Efavirenz was also studied which were found to
show strong electrocatalytic response. The modified electrode shows simplicity in
preparation, appreciable stability, reproducibility and high sensitivity [288]. The
modified electrodes discussed in this thesis are expected to lead to the development
of a new class of electrochemical sensors.

The technological needs for different applications and theoretical interests have
encouraged researchers to devote their efforts to the synthesis, characterization and
optimization of properties of nanoparticle materials. This thesis has shown that the
spinel structure can accommodate a considerable number of different cations which
can lead to a large number of diverse compounds. We have undertaken structural,
magnetic and electrochemical studies of Bag5CogsFe;O4 nanoparticles. This work
was expanded to include the study of Ba,Co;_,Fe;O4 nanoparticles (for 0 < x <
1). The effect of annealing temperature on the structure and magnetic properties
were investigated for the samples of Mg, Sr,Mn,Co;_3,FesO4 (where 0 < = < 1/3)
and Ba,/3Mn; /3Coq /3FesOy.

The electrochemical study has provided the opportunity to synthesize nanopar-
ticles that can lead to low detection limits in wider concentration ranges for cyclic
voltammetry (CV). We now plan to produce nanomaterials with other metal substi-
tutions that can optimize the sensitivity of CV detection with possible applications
for malaria drugs in human hosts. The sample of TipsNigsFesO4 nanoparticles
shows interesting results. Further investigations of the structure, magnetic and
electrochemical behaviour will be required. Ti and Ni substituted perovskites will
also be interesting to study because of possible Ni-Ti interactions that are known
to be associated with memory effects in alloys.

Future work can also involve the study of electrical properties of the compounds

studied here.
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