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Preface

Ferrites have been a subject of extensive research for over a century, with their unique
magnetic and electrical properties making them a promising material for a wide range
of applications. In recent years, the development of engineered ferrites has opened
up new avenues for their use in various industries, from electronics to biomedical
engineering.

This book, Engineered Ferrites and Their Applications, presents a comprehen-
sive overview of the latest research on these fascinating materials, including their
synthesis, characterization, and applications. The book covers a broad range of topics,
from the fundamental properties of ferrites to their use in advanced technological
applications. Chapter 1 of the book, “Basic Physics and Chemistry of Ferrites,” covers
the basics of ferrites, including their crystal structures, and their magnetic proper-
ties. This part provides an in-depth understanding of the principles governing the
behaviour of ferrites and serves as a foundation for the subsequent chapters. Chapter 2
of the book, “Tuning of Structural, Electrical and Magnetic Properties of Ferrites,”
delves into the engineering of ferrites, discussing topics such as doping, size and
shape control, and magnetic anisotropy. This part provides a comprehensive overview
of the techniques used to tailor the properties of ferrites to suit various applications.
Chapter 3 of the book, “Advances in the Processing of Ferrite Nanoparticles,” presents
the latest developments in the synthesis and processing of ferrite nanoparticles. This
part covers topics such as the synthesis of monodisperse nanoparticles, the use of
template-assisted methods, and the role of surfactants in controlling particle size and
shape. The subsequent chapters of the book present various applications of ferrites.
Chapter 4 “Ferrite Nanoparticles for Water Decontamination Applications” discusses
the use of ferrite nanoparticles for water treatment, while Chap. 5 “Ferrite Nanoparti-
cles for Hyperthermia Treatment Application” focuses on their use in cancer therapy.
Chapter 6 “Ferrite Nanoparticles for Telecommunication Application” presents the
use of ferrite nanoparticles in microwave devices, and Chap. 7 “Role of Ferrite Mate-
rials in Renewable Energy Harvesting” discusses the use of ferrite for different type
of energy harvesting sources along with multi-ferrite material used in developing
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their components. Chapter 8 “Ferrite Nanocomposites for EMI Shielding Applica-
tions” covers their use in electromagnetic interference shielding, and Chap. 9 “Ferrite
Nanoparticles for Sensing Applications” presents their use in sensing applications.
Chapter 10 “Ferrite Nanoparticles for Energy Storage Applications” discusses their
use in energy storage, while Chap. 11 “Ferrite Nanoparticles for Antimicrobial Appli-
cations” covers their use in antimicrobial applications. Finally, Chap. 12 “Ferrite
Nanoparticles for Corrosion Protection Applications” discusses their use in corro-
sion protection, and last chapter “Biomedical Applications of Ferrites” discusses the
various biomedical applications of ferrites.

This book is intended for researchers, scientists, and engineers who are interested
in the latest developments in the field of engineered ferrites. It provides a comprehen-
sive overview of the current state of research in this exciting area and offers insights
into the future directions of this rapidly evolving field.

We would like to express our sincere gratitude to all the contributors for their
invaluable contributions to this book. We hope that this volume will serve as a useful
resource for researchers and engineers working in this field and inspire new ideas
and innovations in the use of ferrites for a wide range of applications.

Chandigarh, India Pankaj Sharma
Mohali, India Gagan Kumar Bhargava
Mohali, India Sumit Bhardwaj

Hamirpur, India Indu Sharma
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Basic Physics and Chemistry of Ferrites e

Shubhpreet Kaur, Akhil Sharma, and Neha Thakur

1 Introduction of Ferrites

The creation of modem technology resulted in the extensive use of magnetic mate-
rials. For more than 50 years, ferrites, ceramic ferromagnetic materials, have indeed
been regarded as extremely significant electronic materials. “Ferrites” are magneto-
ceramic materials that are mostly made of ferric oxide (Fe,O3) and a few other
divalent metal oxides. The first to prepare Fe;O4 was Hilpert [1]. It is believed that
antiquated people were aware of magnetite’s magnetic and that it was employed
as a mariner’s navigator in China over two thousand years ago. Magnetite is a
true ferrite and is a naturally occurring mineral with the chemical formula Fe;Oy.
However, it was not until the beginning of the twentieth century that the first effort
to synthesize ferrites was performed. About 60 years ago, ferrites actually began to
be commercialized.

2 Classification of Ferrites

Ferrites can be classified by two ways: one depending upon the crystal structure and
other according to the magnetic field. Based upon the crystal structure and magnetic
properties [2], the ferrites are categorized as shown in Fig. 1. There are four subclasses
under the crystal structure category, which are spinal ferrite, hexagonal ferrite, garnet
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Fig. 1 Classification of ferrites [2]

ferrite, and ortho-ferrite. Furthermore, spinal ferrites and hexagonal ferrites are sub-
categorized into several components. On the other hand, relying on the magnetic
field, there are only two categories in which all the ferrites come, i.e., soft and
hard ferrites. Hard ferrites are highly magnetic than soft ferrites. According to this
class, the hexagonal ferrites with various types comprise the hard ferrites, whereas
spinel ferrites come under soft ferrite. On the other hand, garnet and ortho-ferrites
have minimum magnetic character; hence, they do not lie under this classification.
Therefore, it is much convenient to study this ferrite with the help of later class, i.e.,
classification according to magnetic field.

3 Hard Ferrite

Hard ferrites are basically naturally occurring and have permanent magnetic prop-
erties for example loadstone (magnetite, Fe;O4). These have high coercivity as
shown in Fig. 2; therefore, they are inconvenient to demagnetize and are utilized
in order to make applications-based instruments such as magnets of refrigerator,
loudspeakers, and electric motors. Hexagonal-structured hard ferrites are used as
microwave devices and permanent magnets. In 1952, van Oosterhout and colleagues
at the Philips Research Laboratories (Eindhoven, the Netherlands) made the very first
announcement of hexagonal ferrites as permanent magnetic materials [3, 4]. They
were inspired on Snoek’s earlier work on magnetic oxides, which was also done at
Philips [5]. These substances belong to the class of ternary or quaternary iron oxides,
which form a hexagonal lattice with a very long c-dimension (23.03-84.11) [6, 7].
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Fig. 2 Hard ferrite [7] B
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3.1 Hexagonal Ferrites

The hexagonal ferrites are majorly categorized into five classes in the view of their
crystal structure and chemical formulae as given in Table 1 [8]. The arrangement
of the basic stacking blocks S [BaFe,04], R [BaFesO;1]%~, and T [Ba,FegOy4] [9]
describes the crystal structures of these hexaferrites as shown in Fig. 3.

Table 1 Different types of

. Ferrite Chemical formula
hexaferrites
M-type hexaferrites BaMeFe 2019
W-type hexaferrites BaMej)Fe16027
Y-type hexaferrites BayMeyFe 2072
Z-type hexaferrites BasMejFep404
U-type hexaferrites BasMe;Fes60¢0

Fig. 3 Stacking sequence of
S, R, and T bricks [9] (a) S-block

(Source Created in VESTA (2MFe,0Oy)
software)

(b) R- Block
(BaFegOy;)

(c) T-Block
(BagFegOyy)

.02-

@ Fe*Mn* @

{  Bart s
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S block

The S block comprises two spinel units, i.e., [BayFe4Og] which is same as the S2
unit as shown in Fig. 3. Each S block comprises of four O atoms in two layers with
three metal ions beneath each layer. The cation is covered by six O anions in the
octahedral sites, and also there are two tetrahedral locations where four O anions are
covering the positive ions.

R block

The R block basically composes from the hexagonally three layers containing four
O atoms each. However, one of the O atoms present in the middle layer is substituted
by an equivalent Ba atom to formulate BaFeqO1;. The one barium atom in this stack
forms asymmetry among several cation sites, which in turn produce five octahedral
sites. Also, the Ba atom pushes the tetrahedral sites into octahedral one. This type
of unique positioning is only found in the R block having five-coordinate trigonal
bipyramidal locations where the cation is enclosed in with the help of five O anions.

T block

Similarly, the T block is built up of four O layers, where a Ba atom substitutes an
oxygen atom in the two central layers, to make the unit formula Ba,FegO 4. There
are two big Ba atoms in adjacent layers facing each other, and these Ba ions cause the
displacement of cations in opposing directions. This decreases the five-coordinate
trigonal bipyramidal locations to four-coordinate tetrahedral sites, giving birth to six
octahedral and two tetrahedral sites.

These S, R, and T blocks combine in different sequence to give various types of
hexagonal ferrites known as hexaferrites.

3.1.1 Classification of Hexaferrite

M-type hexaferrite

The overlapping of hexagonally and cubically packed layers by combination of S
and R blocks each gives M-type hexaferrite. The mirror plane which is the basal
plane contains a barium atom. Above and below the R block, there are two S blocks
showing 180° rotation along the c-axis of one another. Therefore, to continue the
structure, a mirror R (R*) block is needed as shown in Fig. 4, and hence, the unit
cell requires two M units forming SRS*R* stacking, where * is the 180° rotation of
the block around the c-axis [10—13]. The lattice parameters are a = 0.59 nm and b
=232 nm.

W-type Hexaferrite

The combination of one R block and two S blocks results in W-type hexaferrite. In
this case, each R block has two S blocks above and below followed by a mirror plane
in it. The two W units combine to give SSRS*S*R* [10, 14]. The structure of W-type
hexaferrite is shown in Fig. 5.
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Fig. 4 Perspective layouts
of the M-type hexaferrite
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Y-type hexaferrite

Single S and single T block combines in six layers and gives Y-type structure, and
the unit cell is from R3m space group and comprises three of these units having ¢
lattice parameters value 43.56 A [15]. This results in the unit cell formula being just
3 (ST) as shown in Fig. 6.

Z-type hexaferrite

One Y and one M unit combines to give one molecular unit of Z-type hexaferrite,
and hence, with a mirror plane in the R block, it is made up of ST 4+ SR. Hence,
to form a single Z-type unit cell, two molecular units are required for ferrite with
stacking sequence STSRS*T*S*R* [16] as shown in Fig. 7.

U-type hexaferrite

The structure of U-type hexaferrite comprises Z + M-type hexaferrite or 2 M + Y,
which creates the block stacking structure SRS*R*S*T [17] as shown in Fig. 8.

The longest unit cell and perhaps most complicated structure of all hexaferrites
with complicated magnetoplumbite are found in U-type hexaferrites [20-24]. Due to
their greatest intrinsic magneto-crystalline anisotropy (MCA) and maximum intri-
cacy, U-type hexaferrites have demonstrated greater microwave absorption over a
broad frequency range.



Fig. 5 Perspective of
W-type hexaferrite [19]
(Source Created in VESTA
software)
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On the other hand, magnetically soft ferrites are usually man-made or manufactured
artificially. They are temporarily magnetic with different sizes and shapes. These
ferrites have weak coercivity as shown in Fig. 9; hence, they can easily modify their
magnetization and behave as conductors in magnetic fields. Soft ferrites are generally
spinel and garnets and are crucial for high-frequency application. Soft ferrites were
first identified in 1946 by J. L. Snoek at Philips Research in the Netherlands [25].
Due to the intriguing magnetic and electrical characteristics, such as strong saturation
magnetization, large squareness ratio, huge magneto-crystalline anisotropy, and poor
coercivity [7, 26], Spinel ferrites are known as soft ferrites.

4.1 Spinel Ferrite

The cubic structure with the empirical formula AB,O4—where A stands for a divalent
cation and B for a trivalent cation—is referred to as a spinel [27]. The full structural
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Fig. 6 Y-type hexaferrite
with stacking representation
[15] (Source Created in

VESTA software) . Ba/Sr/Pb
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formula of spinel ferrites is AFe,0Oy4, which can be regarded as densely compacted
cubic structures with ironclad, (Fe3*) as a trivalent cation. Fe, Ni, Zn, Co, Mn, Mg,
Cu, Cd, or mixtures of these metals are examples of divalent cations (A). Due to
the structural resemblance between these ferrites and the naturally occurring mineral
spinel, MgAl, Oy, they were given the term ferrites. These cubic ferrites, also known
as ferro-spinels, are semiconducting by nature [28, 29]. Spinel ferrite MFe,O4 has
eight formula units per cubic unit cell which ultimately count as 56 ions [27, 30]. A
face-centered cubic structure is formed by massive O,- ions as given in Fig. 10, tiny
divalent metal cations filling the spaces between larger ones [31, 32] with space group
Fd;, O’ (227) [29, 33-35]. The spinel unit cell maintains its electrical neutrality
overall.

4.1.1 Classification of Spinel ferrite: The spinel ferrites could be roughly divided
into two groups dependent on how the two cationic areas’ divalent metal ions
and trivalent ferric ions are arranged [36-38].

Normal Spinel Ferrite: According to the formula [M?*][Fe**]50,, A and B
locations exhibit opposite spin directions, these spinel ferrites contain 16 trivalent
ferric cations at all 16 B-sites and eight divalent metal cations at all eight A locations
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Fig. 7 Structure of Z-type
hexaferrite [16] (Source
Created in VESTA software) . Ba/Sr/Pb

(Fig. 11). In this case, M2+ jons act as network formers, whereas Fe3* ions act as
network modifiers. Some examples of typical spinel ferrites include ZnFe,O, and
CdF8204.

Inverse Spinel Ferrite: According to the formula [Fe*],[M?*Fe**]50,*", these
spinel ferrites include 16 ferric cations at eight A-sites and the remaining eight B-
sites, together with eight metal cations at eight of the possible 16 B-sites (Fig. 12). In
this case, Fe?* ions function as both network makers and network modifiers. Inverse
spinel ferrites include Fe;O4, CoFe, 04, NiFe, 04 [39], and Ni-Zn ferrites [40—42].

5 Magnetic Properties of Ferrites

It is clear from the above sections that U-type hexaferrites have highly complex
structure. In the absence of an external magnetic field, the average magnetic moment
of a ferro- or ferrimagnetic material is oriented in the crystallographic axis where
the free energy F reaches its lowest amount. The easy axis, often known as the
favorable magnetization direction, is in this direction. As a result, a portion of the
overall free energy—known as the magneto-crystalline free energy or the magnetic
anisotropy—depends on the magnetization direction relative to the various crys-
tallographic directions. In ferrite materials, due to the spin orbit resonance which
encourages the aligning of the magnetic moment along a specific crystallographic
axis, magnetic crystalline anisotropy develops. This developed anisotropy depends
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Fig. 8 Structure of U-type
hexaferrite [17] (Source
Created in VESTA software)

Fig. 9 Soft ferrite [7]
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Fig. 11 Normal spinel ferrite’s unit cell structure [38] (Source Created in VESTA software)
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Fig. 12 Inverse spinel ferrite’s unit cell structure [38] (Source Created in VESTA software)

upon the doping as base elements, therefore varies from material to material. Here, it
is worth noting that the U-type hexaferrite materials have highly complex structure
as well as magnetic anisotropy.

6 Basic Applications Based upon the Properties

Ferrites basically are really crucial owing to its various technological applications
such as in magnetoelectric and microwave gadgets, and permanent magnets [43].

The spectrum of applications for magnetic materials expands as their magnetic,
mechanical, electrical, and thermal properties increase. Figure 13 illustrates the
basic applications of magnetic materials. Other applications include driving engines,
igniters, ventilation systems, speed indicators, and existing power stations in elec-
tric drive trains; sensors, routers, and converters in electro-technology; magnetrons,
couplings, and zero friction bearings in aviation and space technology; speakers and
motors for home appliances. In medicine, there are clocks, ear buds, and magnetic
locks; and magnetic prosthetics, cancer cell artificial organs, nuclear magnetic reso-
nance equipment, and separators, and audiovisual analogue devices in manufacturing
[44-48].



12 S. Kaur et al.

Telecommunication

Fig. 13 Applications of ferrites

7 Conclusion

The term “magnetic materials” refers to a broad category of materials with a variety
of uses. Electricity is produced, distributed, and, for the most part, used in appliances
by the usage of magnetic materials. They are employed to store data on computer
disks as well as audio and video tapes. They are applied in a variety of medical appli-
cations where they are attached to or implanted into the body, including body scan-
ners. Magnetic materials are used in devices including PCs, CD players, televisions,
gaming consoles, and loudspeakers in the home entertainment market. Upgraded
magnetic materials and technologies are required for efficient electricity generation
and usage. Electric vehicles that emit no emissions will rely on powerful motors
made of cutting-edge magnetic materials. The telecommunications sector is always
pursuing quicker data transmission and device miniaturization, both of which call
for the creation of enhanced magnetic materials. Equipments that were once thought
to be stationary are now able to be changed anywhere. A world without magnetic
material is hard to fathom, and they are playing a bigger role in the advancement of
contemporary society.
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and Magnetic Properties of Ferrites
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1 Introduction

Ferrites are ferrimagnetic materials and possess high resistivity and exhibit superior
dielectric and magnetic properties. Spinel ferrites are special subclass of ferrite family
which possesses low eddy current, low dielectric losses and high Curie temperature
(T'¢) that can be operated under high-frequency range. The basic formula of ferrite
is X.Fe,O4 where ‘X’ can be divalent or monovalent or trivalent ion, which balances
according to the stoichiometry. Among spinel ferrites, soft ferrites are popular due
to low coercivity and magnetic losses. Magnetic and electrical properties depend on
processing steps such as synthesis and sintering temperatures, where the nature of
dopant also plays dominant role in grain growth, refining the microstructure of the
ferrite.

Although several thousands of papers were published in the field of ferrites, as
reviewing all of them is not possible in current scope of chapter due to limited
constraints of the proposed chapter, and hence, few ferrite’s compositions were
selected based on the commonality showing magnetic, electric and structural varia-
tion. Analysis of structural characteristics only limited to XRD and magnetic interpre-
tations are confined to room temperature studies. Observation of electrical properties
is discussed with respect to changes in resistivity and activation energies.

2 Structural Properties in Ferrites

XRD studies provide the initial basic information regarding the structure, phase
purity and crystallinity of the as-prepared samples. A single phased ferrite possesses
spinel and inverse spinel structure exhibiting (hkl) peaks at (220), (311), (400), (422),
(511) and (440) with corresponding to 26 of 31.6°,37°,44.1°,55.4°,59.1° and 65.1°,
respectively. Any peaks appearing other than the primary peaks hints the presence of
secondary phase. Usually, the secondary phase appears due to the unreacted elements
or dissolution during the synthesis procedure. The crystal structure does not change
its symmetry with the variation in synthesis, sintering or by doping at X or Fe
site with trivalent or divalent ions. Using XRD data, as shown in Fig. 1, several
parameters such as crystallite size, strain, lattice parameter (a), bond angle and length,
a tentative distribution of iron ions in octahedral (Oy) and tetrahedral (T',) sites can
be determined.

2.1 Determination of Structural Parameters

The confirmation of crystal structure and the structural parameters can be obtained
from the Rietveld refinement software such as FullProf, GSAS and MAUD. Most
of the researchers prefer FullProf program [1], as it is an open source available for
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Fig. 1 Identifying structural properties through X-ray diffraction (XRD) in spinel ferrites. Inset is
sample ferrite figure with proper indexing and undergone Rietveld refinement

refining the crystal structure of the samples. Goodness of fit (x2) value below 2
authenticates the quality of the Rietveld refinement. Using the information about
Miller indices (kkl) and d-spacing (d), the lattice parameter (a) can be determined
using the relation:

Acubic (1

[deubicIspinetferriee = Nk

The theoretical lattice parameter (ay,) could be further estimated using a [2, 3] a
relation:

8
ap = ——
th 33

where R is the radius of the oxygen ion and the ionic radii of 4 and rp sub-lattices
are calculated using the relation:

[+ Ro) + /30 + Ro) . @)

ra = v3ao — 0.25) — Ro

(3)
rg = ap(0.625 — u) — Ro.
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2.2  X-ray Density

Obtained XRD data can be further used to calculate X-ray density (d,;). The molec-
ular weight of the compound (My,), Avogadro’s number (N = 6.023 x 10%) and
the unit cell volume (V) (a?) of the prepared sample are substituted to determine the
X-ray density (dyg) values, which can be calculated using the well-known relation

[4]:

dos — 8 x My, @
MTIN < a3 |

The calculated values can be compared with the ones found experimentally from
the mass (m), radius (), thickness (#) and volume (V) of the sample using the relation
which is as follows

Using density calculation, the porosity percentage can be calculated from the
formula

i)
Prere (%) = | 1 — T x 100. (6)

xrd

The hopping length can be further related to lattice parameter (a) and given as

CloX\/g

Laa= )
ap X /11
LA_BZOTV (7)
ao
Lg_p=——.
B-B Wil

Furthermore, the cation distribution at various sites can be estimated from the
XRD data by using Bertaut method [4, 5]. Intensities of any two hkl planes are
considered in this method. Usually, the variations in the peak intensities of ikl (220)
and (440) are used and also indicate the occupation of cations in tetrahedral and
octahedral sites. The equation can be written as

IObse Icalc

hkl hkl
IObse - Icalc : (8)
k'l k'l

In the above equation, 759 are the intensities of the observed ones and I3, are
the intensities of the calculated ones for any two considered peaks. For the calculation
of the intensities for the chosen plane, Buerger’s formula [6] has been adopted which
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is as follows:

Iypr = |FI> x P x Lp
1 + cos?6 ©)]

Lp=———.

sin 6 cos 0

Here, Lp is Lorentz polarization factor, ‘F’ is structure factor, and ‘P’ is multiplicity
factor for any chosen plane. Profile fits show clear variation for different dopant
ferrites [7].

2.3 Crystallite Size and Micro-Strain

The synthesis procedure adopted, sintering temperatures, soaking time, different
dopant ions, concentration and presence of additives in the ferrite sample influence
the crystallite sizes. Gaussian fitting can be used to determine FWHM obtained from
XRD data which is then substituted as 8 in the Debye—Scherrer’s formula [8], to
determine the average crystallite size (D) of the samples, given by the relation:

[ k x A :|
D=———]|. (10)
B x cos@

where ‘k’ is the shape factor, varies from material to material, and ‘A’ is the wave-
length. Generally, k value in spinel ferrite is around 0.8 ~ 0.9. In addition to crystallite
size, structural defects such as stacking faults, inter growths, twin boundaries and
dislocations, can be preliminarily estimated using reflections obtained from XRD.
These can be understood on the basis of strain (¢) which can be calculated using
angle (0) and B, given by relation:

o [&] (11)

tan 6

It is clear from Eqgs. (10) and (11) that the D varies as 1/cosf and ¢ depends on
1/tang.

It is often ostensible that broadening between D and ¢ is generally summative,
contributing to built-in of a Bragg peak. The dependencies of D and ¢ broadening
effects laid to the separation of these effects in the analysis of Williamson and Hall
(W-H) [9].

Briki = Bstrain + B (12)

The W-H formula is also used to determine the crystallite size of a sample
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0.891
Bcosd = D + 4esind (13)

In general, the determination of average crystallite size, the FWHM would be
evaluated from prominent peaks. In ferrite compounds, (kl) at (220), (311), (400)
and (422) have the intense peaks. If 4sinf is considered on X-axis and Bjcos0 is
along Y-axis, then the plot gives a straight line. Clearly, Eq. (13) can be used to
estimate D and ¢ from the slope and intercept of linear fit. Ferrites with different
dopant such as zinc, nickel, copper and cobalt were discussed to obtain the D and
€ [7], whereas same is used in cobalt distribution in Ni—Zn ferrites [5] as given in
Table 1.

The crystal structure of the spinal ferrites is cubic with Fd 3 m space group witha =
b =c=0.832-0.850 nm [2]. The synthesis conditions (method of synthesis, sintering
temperature or soaking time), the dopant ions and their concentration both at divalent
or iron ion site do not vary the crystal structure of the ferrite materials, as observed
in Table 1. A change in the intensity, broadness of the peak and shifting of the peak
positions are usually observed in the XRD results with the variation in any one of
the above effects. For the ferrite samples sintered at lower temperatures, less soaking
time and synthesizing the samples using solution-based techniques, a decrease in
FWHM and an increase in the broadness of diffraction peaks are noticed and this
information primarily confirms the lower crystallite of the samples. The effect of
sintering temperature (600—1200 °C) of Lij sFe; 504 was studied and found that the
major diffraction peaks become sharper when particle size increases gradually from
26 to 70 nm with sintering temperature [2]. On the other hand, in the case of cobalt
ferrites, an improvement in the density, i.e., from 75 to 95% along with a distinguished
variation in the microstructure was reported [21] for different sintering temperatures
and soaking time. In addition, a slight shift in the Bragg angles toward lesser angle
side was also reported in the case of CoFe,O4 [21], and CoFe,_,Al,Oy4 [13] ferrites
with increasing sintering temperatures have a direct impact on the physical properties
such as electrical, elastic and magnetic behavior of the ferrites.

As discussed, the dopant ion (divalent or iron site) and chemical composition
also influence the structural properties of the ferrite system, which is evident from
Table 1. Substitution of larger ions at X site in X;_,A,Fe,O4 with divalent ion such
as Zn>* and Cd”* results in shifting of Bragg’s angles toward lower angle side and
decreasing the intensity and particle size of the prepared samples [11, 15, 18, 22]. The
lattice parameters increase linearly with dopant concentration, and this behavior is in
agreement with Vegard’s law [23] which also confirms the incorporation of dopant
ion into the host lattice and expansion of crystal lattice [11]. Interestingly, a change

in the crystal structure from spinal (Fd 3 m) to perovskite (Pm 3m ) was reported

in Strontium (Sr)-doped cobalt ferrites, and with increasing in its concentration, a
secondary phase belonging to CoC,0, and N,O3; was observed [24]. Reports on
Fe’* site doping with various trivalent ions such as Ce**[15], AI** [25], Er** [18]
and La** [14] in various ferrites also exhibit results almost similar to divalent doping.
In some cases, i.e., secondary phases appear in the XRD data, and this could be due
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to either dilution of trivalent ions in the iron ion site or inadequate synthesis steps or
evaporation of certain elements during sintering stage.

3 Magnetic Properties in Ferrites

Ferrites are cost-effective magnetic ceramics which can be produced in large scale,
providing the lowest magnetic strength and moderate energy with respect to perma-
nent magnets. Ferrites are basically high resistive and show little corrosion under
different environmental conditions. Some of these materials are best suited to work
under high-temperature conditions, especially above 200 °C with minimum loss.
During demagnetization, ferrite is resistive in nature, making them suitable to
different motors and electric applications in different shapes or dimension.

Magnetic character of material is obtained from temperature and field-dependent
magnetization studies. The hysteresis curve (M—H) reflects whether a sample is soft
or hard magnetic material. Apart from the shape of the curve, magnetic properties
such as saturation magnetization (M), coercivity (H.) and remanence (M;) can be
assessed, preferable at room temperature. Here are the few listed points the researcher
may consider while analyzing the magnetic behavior:

A. Under constant temperature condition, if the hysteresis shows broad leaf with
high coercivity, then it is hard magnetic material. On other hand, if the leaf shows
thin curve with faster saturation response with lower coercivity, then it is soft
magnetic material.

B. Rate of increase of hysteresis curve indicates the domain response and ferro-
magnetic fraction in the sample. It also indicates whether the sample has
superparamagnetic behavior or not.

C. Variation in M, M, M/M ratio and H_ for all the investigated samples can be
obtained.

D. Make analysis on the basis of synthesis conditions, sintering temperatures and
dopant concentration.

E. Other factors (influences are) such as grain size and anisotropic value are also
be correlated with changes in M and H. using theoretical equations.

F. Ratio of M,/M, indicates the interacting nature of the sample. If the values are
less than 0.5, then it is non-interacting nature or else if the value > 0.5, then it is
interacting nature [26].

G. To determine the nature of magnetic transition (Curie temperature), magneti-
zation should be measured with varying temperature at constant applied field.
At low temperature, magnetic curve slightly differs in path for zero field cooled
(ZFC) and field cooled (FC), indicating the nature of crystallinity in the samples.

Variation in magnetic properties depends on the presence of metal ion in Oy—T},
site. The dopant metal ion can be dia/para/ferromagnetic in nature with different indi-
vidual magnetic moments, ionic radii and its interaction with other metal ions. These
exchange interactions among themselves via O>~ions, give rise to magnetic moment
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in sub-lattices of Oy—T}, sites and contribute to overall net magnetic moments. The
net magnetic moment further depends on order of A—B, A—A and B-B interactions,
but mostly attributed to the strongest A-B interaction. Furthermore, this interaction
depends on bond angle and bond length. Generally, exchange interaction decreases
with increase in bond length, whereas the strongest magnetic interaction is observed
for A—B interaction with angle 180°. In general, spinel ferrite comprises octahedral
site (B-site) in which metal ion is encircled by six oxygen ions and tetrahedral site
(A-site) with four oxygen ions. Spinel ferrite has eight molecules in formula unit with

Fd 3 m space group and has FCC. Altogether, there are 64 A-sites and 32 B-sites,
combining 96 voids along with oxygen ion (O?~). Among the total available sites,
only eight A-site and 16 B-site are occupied by metal ions. Spinel matrix allows
the smaller ionic radii cations to relocate from one site to another site. In view of
the above, the magnetic properties [27] strongly depend on the nature of dopant in
On—T}, sites, and equation for spinel ferrite could be written as

[Xi-sFes], i XsFea—5)p_site O (14)

where ‘8’ is degree of inversion, which dominates the cation distribution. Depending
on the value of §, the spinel ferrites are classified as normal (§ = 0), inverse (§ = 1) and
mixed (§ = 0 <> 1) ferrites. Among popular spinel ferrites, cobalt ferrite is classified
as inverse, zinc ferrite as normal and magnesium ferrite as mixed. The preparation
of normal and inverse ferrite depends on synthesis and sintering conditions, which
is difficult to achieve with given interactions of metals ions. Nature of valency of
dopant ions also contributes to occupancy in both sites. In case of trivalent ion
dopant, T}, sites are occupied, whereas divalent ion occupies Oy, site. For instance, the
cobalt ferrite, a well-known inverse spinel ferrite, in which cobalt ion prefers toward
octahedral site but literature also suggests that cobalt is also present at tetrahedral
site in minor concentration [28], making it a mixed ferrite. Each ion has preference
toward one site due to the energies (elastic, electrostatic and crystal field stabilization)
and exchange interaction among those sites but also moves toward other site due to
polarization effects. Smaller ionic radii elements have tendency to occupy tetrahedral
site, resulting in minimum strain. The other factors which effect their distribution
also depend on lattice energies, synthesis and sintering conditions which are variable.
Overall, roadmap of tuning the magnetic properties can be understood from Fig. 2.

Neel’s theory [29] on ferrite magnetism relates to summation of net magnetic
moment in these individual sites and difference between O, and T}, sites, which
could be written as

M = [(Mp) — (M4)|. 15)

Thus, magnetism in ferrites arises from exchange mechanism among different
spins aligned in a particular direction. If the direction of spins or domains is aligned
uniformly in octahedral sites, then it can be presumed that sub-lattice results in higher
magnetic moment. For any change in spin direction, there is an anti-alignment of
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Fig. 2 Flowchart representing the tuning magnetic characters in spinel ferrites

domains, which results in negative exchange interaction, thereby lowering the net
magnetic moment. Based on above discussion in terms of equation formed, it can be
expressed as

Neel __

e = (1) x ppli_, + [(Fe) x pgl,)g_ . M

(16 % ey + 1) X i) b (16)

Thus, occupancy of cation at various sub-lattices is one of the most important
factors which decide the net magnetization in ferrites. Many reports show that indi-
vidual magnetic moment depends on number of unpaired electrons in a dopant ion.
Therefore, by choosing an appropriate ion and its concentration, one can tune the
magnetic behavior for specific application. In case of zinc ferrite, zinc ion has no
free electrons and has ~ Op 5, whereas iron ion with Fe’* has ~ 5.5 (whereas) and
Fe?* has ~ 4. In the case of zinc ferrite [30], magnetic properties not only depend
on particle size but also on distribution of zinc ions. If Zn** occupies at A-site only,
then the ferrite may show lower values. But if it occupies B-site in fraction, then M;
value may increase.

The magnitude of experimental magnetic moment in terms of Bohr magneton can
be calculated using relation [31]:

My, x M 17

mp(exp) = [ 5585 } a7

where M, is molecular weight of the respective ferrite used. The difference between
Eq. (16) and Eq. (17) gives rise to value reflecting to canting effects [32, 33].
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Magnetization is also dependent on density of the material, and this can be
understood on the basis of equation:

M, = [NL—?“’](Z;@B—ZW), (18)

where is the ‘dexp’ is the density of the material.

It can be corroborated from Table 2 that the value of M changes for different
synthesis condition, sintering temperatures and substituted dopants. It has been
reported that, as sintering temperature increases, there is increase in M, values
which was observed in the case of lithium ferrite [2] and nickel ferrite [19]. M
value also differs for cobalt ferrite prepared through combustion method [20] and
co-precipitation method [17]. Increase in M with sintering temperature has been
attributed to grain growth and change in the anisotropy, whereas for synthesis condi-
tion, often it is related to change in density or the particle size. Along with preparation
technique, other sintering techniques such as microwave sintering [34] could further
improve the densification of ferrites resulting in enhanced magnetic properties.

Coercivity (H,) is an important parameter, and based on its magnitude, it can
be characterized as soft or hard magnetic material, which can be applicable in
various magnetic applications. Anisotropy is one of the most important factors that
contributes to magnetic properties. Coercivity (H,) relation with anisotropy (K) and
saturation magnetization (M) is given through the relation [35]:

o [ 2K 19)
¢ [MOMJ' (

The anisotropy (K) is intern sensitive to grain/particle size and distribution of
cations. The inclusion of particle size (d) with anisotropy could be related to equation
[36, 37]:

6
K = Ky, + |:2:|Ksur (20)

with ‘Ky,” as bulk anisotropy and ‘K, as surface anisotropy. Here, anisotropy value
may be different from magnetocrystalline anisotropy which is cumulative factor of
the ions which are present in the system.

Variation in coercivity for lithium ferrite [2] or nickel ferrite [19] is attributed
to changes in Ms or K. In case, the decrease of M and H., it could indicate the
lower anisotropic nature of sample. Role of particle or crystallite size could also
play determinable value in increasing anisotropic value as suggested using Eq. (19).
Element doping in composition will have tendency to occupy B-site, A-site or both.
Depending upon the preferential energies, cation distribution in both the sites will
vary, influencing net magnetization. It is known that as grain size increases with
increase in sintering temperature, it in turn increases the number of domain walls.
Due to reordering in domain wall, magnetization and demagnetization effects in
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sample require less energy, decreasing the coercivity. Nature of dopant influences
the sintering temperature, coercivity, saturation magnetization and grain size. When
aluminum [10] is substituted in lower concentration at x = 0.1, the M value decreases
drastically, whereas when the concentration increases to x = 0.2, M value decreases
by small value. Same phenomenon is observed for cadmium [12] and zinc [11]. As
zinc is diamagnetic, high concentration of zinc in cobalt ferrite [20] could decrease
magnetization immensely. Rare-earth metals should be doped in lower concentration
due to higher ionic radii. Generally, rare-earth metals are doped in iron ion as to
compactable ionic radii and should occupy B-site or octahedral sites. These are rare-
earth magnetic moment varied from O to 10 pwp and are costly but show interesting
characteristics. Different rare-earth metals doping in cobalt ferrite [17] clearly shows
variation for M and H., clearly indicating role of anisotropy. Lanthanum (L,) doped
in complex Mg—Cd—Cu ferrite [ 14] shows no changes, whereas erbium (E;) in Ni-Co
ferrite [ 18] shows systematic increase in M values. Hence, it can be said the magnetic
properties of spinel ferrites depend mainly on crystal structure, domains, grain size,
particle size, density and electronic structure of individual atoms. In addition to
these factors, distance and angle between adjacent atoms along with the magnitude
of magnetic moments play determinantal role in moderating magnetic properties.

4 Electrical Properties in Ferrites

Ferrites have important role in design and development of materials, especially in
electromagnetic interference (EMI) detection device. Ferrites are often used as beads,
chokes and inductors, but these functionalities deviate at higher frequency. In addition
to EMI, extension of ferrites to microwave devices, transformers and biomedical
applications marks them as an important material.

Presence of ferrite core enables suppression of unwanted signal and purging the
noise, generated via electromagnetic interference. Mere presence of ferrite acts as
inductor in toroid shape providing impedance on the basis of Faraday’s law. As
ferrite is having moderate to high resistance, providing high impedance at lower
frequencies and as the frequency increases, capacitive nature of ferrite drops and
only resistive is present. In addition, the ferrites also dissipate lot of heat which is
being absorbed at different frequencies. Although the operating temperature range of
ferrite is very high, the aspects of Curie temperature (7'.) have to be taken care while
designing the application. Hence, resistance is a vital parameter in characterizing
the transport properties which gives important information on tailoring a material
based on specific applications. Transport properties provide insight about localized
and hopping mechanism of charge carriers, etc.

Electrical resistance in ferrites can be measured as described below:

1. The temperature-dependent resistance is measured either using two probes or
preferably four-probe method with a highly sensitive nano/pico-ammeter and
voltmeter. The data will be collected by measuring the current with temperature
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by maintaining a constant voltage across the ferrite sample. Here, the magnitude

of resistance indicates the intrinsic nature of the ferrite and depends on several

factors such as composition, sintering condition, synthesis methods, porosity,

grain size and grain boundary as similar to magnetic and structural properties.
2. The resistivity can be calculated using the formula

_ R><AQ )1
p_[ . } m, 1)

where ‘A’ is equivalent to area of the sample and ‘L’ is the measured thickness
of the sample. Here, radius and thickness of the sample play a vital role in
determining the resistivity of the sample, and hence, proper care should be taken
while measuring them.

3. Theresistivity (p) or conductivity (o) behavior with temperature can be analyzed
using Arrhenius relation [38]:

p = poexpE/ Ko (22)

o = ool ], 23)

‘E, is the activation energy, ‘Kp’ is the Boltzmann constant, p is the resis-
tivity (or o conductivity), and p, (0,) is the resistivity (conductivity) value at 0 K.
Temperature-dependent resistivity shows a trend of exponential decrease in resis-
tivity with increase in temperature, confirming the semiconducting nature. As the
temperature increases, a kink is observed in graph at ferromagnetic to paramagnetic
behavior, indicating T in ferrites.

Under the influence of temperature conditions, the ability of electron to jump or
move from one site to another site improves its mobility and lowering their resistivity.
Therefore, while understanding the concept of electrical properties, one has to keep
in mind about lattice deformation, activation energies and energy gap of different
dopants substituted in the ferrite compound (stoichiometric formula). In addition to
this, higher sintering temperature promotes densification and reduction in porosity,
improving conductivity and lowering the activation energy. It can be said that ordered
sample possesses higher resistive nature when compared to disordered sample. Thus,
synthesis and sintering conditions also play vital role in determining the nature of the
sample and acquire tuning to its optimum efficiency, and these factors are summarized
in Fig. 3.

With measurement of resistivity, one can calculate the number of charge carriers
and mobility in any semiconducting material. Furthermore, the activation energy (E,)
is obtained from the slope of 7~! versus Inp plots. The variation of activation energy
occurs due to different dopants substitution at various sites, hopping of charge carriers
and the energy gap between conduction-valence bands. Value of E, in ferromagnetic
is less than paramagnetic region, which reflects the spin ordering behavior in material
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Fig. 3 Tuning electrical properties in spinel ferrites

and also a change in band gap. The temperature variation in most of the ferrites
is systematic, and generally carrier concentration is mostly unaffected in different
temperature zones.

In ferrites, the electrical properties depend on the localized charge carriers which
are surrounded by different oxygen ions at octa-tetrahedral sub-lattices. Hence, stoi-
chiometric value of oxygen plays vital role and free electrons are mostly bonded
to their respective positions. Different models related to electrical resistivity were
discussed [39], but mostly discussed are the hopping mechanism of electron in
different localized states, polaron and thermally activated mechanism. Depending
on the type of ferrite, the bonding of electron in the localized states varies, which
further vary the magnitude of resistance or resistivity. Furthermore, the presence
of ferrous or ferric ions in octa-tetrahedral sites also determines the value of resis-
tivity. Under thermal agitated or applied frequency conditions, the electrons can move
within or among the sites of octa-tetrahedral sites, which results in a change in energy
state. A change in energy state results in type of charge carriers. In case of mixed
ferrites, the two transition regions in resistivity versus temperature plots clearly point
to n-type with excess of cations and p-type behavior with deficient ions. In mixed
ferrites, it is known that dopant X and dopant Fe occupy both octa-tetrahedral sites
in different stoichiometric ratios which further depend on synthesis and sintering
conditions. Multiple dopants could further hinder the movement of electrons due
to difference in their energy levels and thus increasing the resistivity values. The
concept of Verwey mechanism [12] allows us to understand the hopping mechanism
with different lengths between octa-octa, octa-tetra and tetra-tetrahedral sites [40].
With the presence of iron ion and other dopant in particular site, the hopping mech-
anism of electrons among similar states could result in formation of 2+ states or 3+
states among the states which are randomly distributed in crystallographic sites and
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could be written as

Fe’* = Fe’t + e~

Dt 2Dt +e . @9

In the view of the above, it has been that as sintering temperature increases, resis-
tance decreases in case of nickel ferrite [19]. The activation energy increases initially
and then decreases in case of lithium ferrite [2]. But in case of nickel ferrite [19],
activation energy decreases with increase in sintering temperature, clearly suggesting
the role of dopant at B-site. On comparison of nickel [19] and lithium ferrite [2],
nickel may occupy A- and B-site depending on concentration, but in case of lithium
ferrite, lithium prefers B-site. As sintering temperature increases, there is possibility
of evaporation of lithium, which induces the transformation of Fe>* — Fe?* causing
a change in bond length in sub-lattices. A—B bond length is greater than B-B, A-A,
and among them A—A hopping does not take place. Activation energy or resistance
depends on ability of the mobility of charge carriers instead of carrier concentra-
tion. Most of the charge carrier accumulates near grain boundaries, which further
depends on grain size, which in turn depends on sintering temperature. Depending on
the nature of dopant, resistance varies which could be observed from Ni—Zn ferrite
[11]. Doping rare-earth metals result in increase in resistance as observed from Table
3. Higher concentration of cesium (Ce) resulted in decrease in resistivity [15], and
same is observed for Erbium (Er) [18] and lanthanum (La) [27] substitution in ferrite
matrix.

Since ferrites have high resistance, they also exhibit good dielectric constant and
low dielectric loss as function of temperature and frequency, making them suitable
material till date. Dielectric value gives fundamental information of a material under
applied field (E). As availability of free electrons is less, they exhibit high resis-
tances under the application of applied field, and polarization (P) of charges occurs.
These charges may accumulate in intra—inter-grain or grain boundaries, contributing
to dielectric constant (¢’). From application point of view, ferrite operating under
high applied electric field should retain the dielectric nature, even when field is
reversed. If a material is unable to withstand at a particular frequency, then value at
that field is called dielectric loss (¢”). Hence, it is often desirable to measure resis-
tance and dielectric nature of material at different temperature and frequency ranges.
Although, the resistance can be measured at room temperature by applying direct
current (D.C), it can be also measured at alternating frequency. Dielectric constant
and dielectric loss measured at different frequency ranges could also be referred as
impedance spectroscopy. Impedance spectroscopy studies include capacitance and
inductor reactance along with resistance of sample. The aspects of dielectric nature
and impedance spectroscopy could not be covered in present context of the chapter.
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5

Conclusion

The main objective of tuning magnetic and electrical properties in ferrites is to
enhance the properties pertaining specific application. Selection of dopant ions, suit-
able synthesis techniques, sintering conditions and presence of additives play a vital
role in improving the properties of ferrites. Due to the above condition, particle/grain
size, phase formation and distribution of cations at different sites also contribute to
the properties. Hence, all the above factors have to be taken into consideration in
optimizing the performance of ferrite for wider applications.
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Chapter 3 ®)
Advances in the Processing of Ferrite oo
Nanoparticles

Ankush Thakur and Sunanda Sharda

1 Introduction

Since the discovery of ferrites by Philips in 1950s have attracted the intention for the
applications of recording media, permanent magnets, plasto ferrites, drug delivery
agent, biomedical, sensors, wastewater treatment, medical diagnosis, biocompat-
ible magnetic nanoparticles for cancer treatment, high-frequency devices, electro-
magnetic wave absorbers, and microwave devices because of high magnetization,
coercivity, large magnetocrystalline anisotropy, and corrosion resistivity. Ferrites
have high positive susceptibility value that becomes the useful characteristic for
their operation in high-frequency power supplies [1-3]. The magnetic and thermal
stability helps the data storage industry for the fabrication of hard drive, secure
digital card, and disk. Electronic industry also fruited from the ferrites in designing
of antennas, microwave devices, and inductor core owing to temperature varied coer-
civity. Soft/hard magnetic characteristics of ferrites have attracted the interest of
manufacturers as a permanent magnet. Tunable alteration in electromagnetic proper-
ties makes them suitable for high-frequency device and microwave absorbing mate-
rials [4]. With rise in industry, atmospheric pollution became the challenging task
for scientific community as well as the safety in industry and environmental sectors
became the key factor to tackle the problem in better way. The responsible behavior
of ferrites in respect to their properties when it comes in contact with an analyte
concentration makes them suitable for gas-sensing technology. Abd-Elkader et al.
[5] have deliberated that the gas-sensing efficiency of ferrites is observed from their
microstructural properties and further these properties are dependent upon synthesis
route. The low-cost designing along with high stability, faster response, and recovery
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time makes them sensitive for variety of gases. There are six types of hexafer-
rite such as SrFe;;0;19 (M-type), StMe,Fe 60,7 (W-type), StMe,Fe 1,02, (Y-type),
SroMe,Fe 046 (X-type), SroMesFersOy41 (Z-type), and SrsCoyFess060 (U-type).
M-type hexaferrite has paramount benefits over the other. In M-type hexaferrite,
most of the research was carried out on Sr, Ba, and Pb because of their excellent
chemical, mechanical, and thermal stabilities. In M-type hexaferrite, Fe>* ions are
distributed over five different crystallographic sites, viz. three octahedral (12 k, 2a,
4f,), one tetrahedral (4f}), and one trigonal bipyramidal (2b). The parallel (12 k, 2a,
4f,) and anti-parallel (4f;, 4f,) crystallographic sites are coupled with O~ anions to
obtain ferrimagnetic order and super-exchange interaction between Fe**—0?~—Fe?*,
The magnetic characteristics of ferrite can be easily tuned by substituting the cations
on iron sites. Most of the research work has been carried out to improve intrinsic
magnetic characteristic by substituting the cations at Sr**, Ba>*, Pb** ions, and/or
Fe3* ions in host lattice with La3*, Gd3*, Sm3*, Ce3+, A3+, Nd>*, Ho>*, Co**, NiZt,
Cu?*, Zn**, and Ti*, etc. The substitution of metal ions or rare earth elements in
host lattice plays a vital role to produce optimal properties because of their solu-
bility [6-9]. Generally, magnetite and hematite were appeared as main secondary
phases, and even the mixture of stoichiometric compound leads the formation of
intermediate phases that is why the knowledge of the desired methodology leads
the industry to gain advantage of wide range. Moreover, the substitution of smaller
or larger ionic radii in host creates discrepancy in lattice which leads in the alter-
ation of properties. Narang et al. [10] have highlighted that high resistivity, high
stability, and high microwave magnetic loss make ferrite as a suitable candidate
for the preparation of microwave absorbing materials. Thus, it is an effective way
to tune electrical, dielectric, morphological, and magnetic properties after incorpo-
rating dopant ions in desired crystallographic sites by using different method of
synthesis. Tremendous efforts have been made to enhance their electrical, dielectric,
and magnetic capabilities for futuristic demands in electrical, electronic, and medical
by using different synthesis route. Crystallographic sites are sole responsible for the
improvement of structural, morphological, electrical, dielectric, and magnetic prop-
erties ferrites and that help in the development of advanced ultrafine nanoparticles.
Various processing techniques have been proposed, viz. solid-state reaction, sol—
gel method, co-precipitation method, hydrothermal method, solvothermal method,
citrate precursor method, reverse micelle method, sonochemical method, aerosol
spray pyrolysis method, auto-combustion method, green synthesis for the prepara-
tion of ferrites to make co-relation between substitution, and their effect on structural,
morphological, electrical, dielectric, and magnetic properties. In this chapter, efforts
have been made to explore the different methodology and preparation technique for
the formation of ultrafine nanoparticles.
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2 Synthesis Methods

2.1 Solid-State Reaction

Solid-state reaction is a synthesis technique where the starting materials are taken,
mixed together, and then heated at a controlled temperature. Heating is required to
increase the reaction rate or sometimes even to initiate the reaction. It is a conven-
tional and most used synthesis method to fabricate nanoparticles. High-temperature
superconductors were first prepared via this method. This method is also known as
‘shake and bake’ or ‘heat and beat method’. Zhou et al. [11] have prepared indium-
doped hexaferrite ceramics using solid-state reaction method. M-type indium-doped
strontium hexaferrites have been prepared with the help of SrCO3 (99.99%), In,03
(99.99%), and Fe,;03 (99.99%). The desired amounts of starting materials were well
ball-milled. The mixed amount of mixture was sintered for 6 h at 1100 °C in air
medium (Fig. 1). Thereafter, pallet of dimension 8 mm in diameter and thickness of
1 mm was prepared by using hydraulic press and finally sintered at 1200 °C (air) for
10 h. The reaction for the synthesis of polycrystalline SrlnyFe > O19 (x =0, 1.8,2.4
and 3.0) is stated below:

1 1
SrCOs5 + (6 — Ex)FezOg + <§x)ln203 — SrFej;_;In, 019 + CO; 1.

The substitution of indium ions in host lattice was not an easy way because the
diamagnetic ions affect the super-exchange interactions that amend the magnetic
and dielectric characteristics significantly of M-type hexaferrites. The incorpora-
tion of indium ions in lattice causes increase in structural parameters, decrease
in dielectric characteristics (dielectric constant and dielectric loss) with frequency,
and magnetic properties decrease (saturation magnetization and coercivity) with the
indium concentration. The discrepancy in ionic radii may be the responsible for
increase in lattice parameters, i.e., indium (0.80 A, CN 6) and Fe3* ion (0.64 A,
CN 6). Vinnik et al. [12] have reported Ba;_ ,Pb,Fe ;09 (x = 0.23-0.80) hexafer-
rites by using stoichiometric ratios of starting materials such as iron oxides (Fe,O3),
lead oxides (PbO), and barium carbonate (BaCO3). The high purity materials are
purchased from Ural Plant of Chemicals, Russia. Author uses resistive furnace and
platinum crucible for the preparation of single crystal growth. Huang et al. [13] have
synthesized BapsCa ¢sFejz.2,Mg,Ti,O (0.0 < x < 0.5) with the help of BaCOs,
CaCOs, Fe,03, MgO, and TiO,, The analytical grade reagents are used in stoichio-
metric ratio and then mixed by using ball milling for 4 h under 300 rpm in deionized
water. Ball to powder weight ratio was kept at 15:1. Then, obtained mixtures were
dried in oven at 140 °C and finally calcined in muffle furnace at 1250 °C (3 h, air).
Pulverized was done with the help of vibrating mill to produce fine powder.
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Fig. 1 Basic steps for the preparation of hexaferrite from solid-state method

2.2 Sol-gel Method

Sol—gel method is a bottom-up wet chemical technique for the preparation of glassy
and ceramic materials. A sol is a liquid state of colloidal solution, whereas gel is a
solid or semisolid state of colloidal solution. This technique is capable of producing
high-quality nanoparticles at industrial scale, highly homogeneous, and pure compos-
ites. Moreover, it is a low-temperature, simple, and effective synthesis technique. In
order to investigate the magnetic characteristics of Co and Ti substituted strontium
hexaferrite, sol-gel method has been employed by Zhang et al. [14] for the prepa-
ration of ferrites. Strontium acetate hemihydrates, cobalt (II) acetate tetrahydrate,
titanium tetrabutanolate, and iron (III) nitrate nonahydrate were used as raw mate-
rials in stoichiometric amount. The regents were dissolved in 12 ml ethylene glycol
without any purification. The solution mixing was done with magnetic stirrer, and
glacial acetic acid has been added in mixture to form viscous brown sol. Further, sol
was subjected for drying process in oven at 80 °C for 1-2 days. Calcination at 400 °C
for 3 h has been carried out after drying process. Obtained powder was subjected for
grinding and sintering process at 900 °C (24 hin air). For the desired characterization,
sintered powder was pressed to form pellet with the help of hydraulic machine and
finally sintered at 1200 °C (24 h in air). Chokprasombat et al. [15] have analyzed the
prepared BaFe |, ,Bi, 09 samples (x = 0.1 and 0.5) and Ba;_ Fe;,,Bi,Cu,Oj9 (x =
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Fig. 2 Basic steps for the preparation of hexaferrite from sol-gel method

0.1, 02, and 03) by using (BI(NO3)35H20), (CU(NO3)2'3H20), (Fe(NO3)3-9H20),
(Ba(NO3)3), NH4OH solution (25%), and citric acid. The starting reagents were
dissolved in deionized water (30 ml). The solution of citric acid (1.441 g) was
prepared and then mixed to prepare precursor solution. The citric acid is gener-
ally used as fuel. The pH of bath was maintained at 7 with the help of ammonium
hydroxide solution. Then, solution was heated at 90 °C for 230 min till the formation
of viscous gel from solution, (Fig. 2). Thereafter, viscous gel was heat treated at
150 °C for 190 min to obtain precursor powder followed by combustion process.
Finally, brown-colored powder was grounded and subjected for subsequent heat
treatment in a muffle furnace at 450 °C for 2 h and at 1050 °C for 3 h (4.5 °C/min).

2.3 Co-Precipitation Method

Co-precipitation method is generally used for the synthesis of magnetic nanoparti-
cles. In this method, a homogeneous solution of metal chlorides or nitrates (dissolved
in appropriate molar ratios) is obtained. A base is added drop wise in the solution
for obtaining the precipitates. The co-precipitated powder is then washed, dried, and
sintered to obtain the required M-type ferrites. Ashraf et al. [16] investigated M-type
magnetic barium hexaferrites by co-precipitation technique. Barium nitrate dihy-
drate (Ba(NO3),.2H,0), iron (IIT) chloride (FeCl;.6H,0), and CuCl,.2H,0 were
dissolved in stoichiometric amounts in deionized water under constant stirring at
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Fig. 3 Basic steps for the preparation of hexaferrite from co-precipitation method

70 °C. A separate solution of concentrated HNO3; and Gd(NOs); was prepared
and slowly poured in the desired solution. NaOH was added for pH control into
the solution which was vigorously stirred for attaining homogeneity. The obtained
suspensions were filtered, washed, and then dried at 150 °C. Vadivelan et al. [17]
have examined nickel-doped barium ferrite by using co-precipitation method. As
purchased, nitric acid and metal barium nitrate, ferric nitrate, and nickel nitrate were
used and mixed in deionized water. Then, aqueous solution was mixed with ammo-
nium hydroxide and nitric acid for the preparation of precursor solution. The filtration
technique was used to obtain precipitate. The precipitates are washed several times
with the help of deionized water. The precipitates are dried at 80 °C (6 h) and then
subjected for sintering process, i.e., obtained product gets sintered at 950 °C (6 h) to
obtain nickel-doped barium ferrite compound, (Fig. 3).

Hu et al. [18] have prepared BaFe ;09 nano-powder by using co-precipitation
method. The chlorides were used to prepare precursor solution. The ferric chloride
(FeCl3-6H,0), barium chloride (BaCl,-2H,0), and sodium hydroxide (NaOH) were
used as starting materials. Solution of mixture having molar ratio 8 of Fe**/Ba* ions
was co-precipitated with the addition of NaOH. The precursor solution was stirred at
200 rpm for different durations (3, 4, and 5 h). The pH of the bath was attained at 9.
The distilled water was used to wash obtained co-precipitated samples and was dried
at 50 °C for 12 h. Finally, dried samples were heat treated at different temperatures
such as 700, 800, 900, 1000, and 1100 °C for 2 h in static air atmosphere at a rate of
20 °C/min.

2.4 Hydrothermal Method

Hydrothermal method is a versatile technique for the preparation of advanced
nanoparticles and requires autoclave apparatus to provide high temperature and pres-
sure during reaction. The terminology was originated from earth science because it
involves the high temperature and pressure during preparation. In the hydrothermal
synthesis of ferrites, an aqueous solution of salts is prepared to which NaOH/KOH
is added drop wise. NaOH or KOH plays an important role in the co-precipitation of
aqueous solution of metal nitrates. This solution is stirred for obtaining homogeneity
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and then put in autoclave. The autoclave is put in the oven at a temperature of 150—
290 °C to give heat treatment to the solution. The obtained precipitates are filtered,
washed, and dried in an oven. Jing et al. [19] have conducted an experiment for the
preparation of strontium hexaferrite by using analytical reagents of metal nitrates,
viz. iron nitrate nonahydrate, strontium nitrate, and sodium hydroxide as starting
materials with the help of hydrothermal technique. The metal nitrate solution was
prepared and mixed with alkaline solution with the help of magnetic stirrer at room
temperature. Then, after mixing, solution gets converted into slurry and can be trans-
ferred on reaction kettle with agitating device for heat treatment at 220 °C for 2 h. The
initial pressure was maintained to 1.5 MPa by supplying the high purity nitrogen gas
into the closed system. Thereafter, particles get separated and washed with deionized
water and ethanol for several times and dried at 80 °C to obtain hexaferrite. Tang et al.
[20] have accessed the impact of strontium hexaferrite nanoparticles synthesized by
using hydrothermal route. The metal nitrates, viz. (Fe(NO3)3.9H,0), (Sr(NO3),),
(NaOH), (HCI), (C;gH340,), ethylene glycol, acetone, and ethanol, were used as
starting materials. The analytical reagents were used as purchase, and experiment
was performed in a Teflon-lined stainless steel autoclaves (200 mL) vessel. Fe3*/Sr?
ions molar ratio was kept at 3:1 and mixed with mixture of ethylene glycol/deionized
water. [OH™]/[NO™3] was kept at 16, and NaOH solution was added in metal ions
solution. The mixture was subjected for continuous stirring until the formation of
precipitation of hydroxide precursors. Then, precursor was heat treated for half an
hour at 80 °C and poured into a Teflon-lined stainless steel autoclave (200 mL) for
24 h. The obtained product was washed with deionized water. Diluted acetic acid
(aq.) was used to wash the obtained product and to dissolve excess amount of stron-
tium. Again, particles were washed with deionized water and ethanol several times.
Centrifugation was done to collect the desired product and subjected for drying
process at 100 °C in ambient air.

2.5 Solvothermal Method

In solvothermal method, metal precursors are dissolved in a solvent. The solvent used
may be aqueous or non-aqueous. The reaction mixture is then kept in an autoclave (for
achieving high temperature and pressure) placed in an oven for the crystal growth.
The vapor pressure of the solvent increases the boiling point of the solvent. The crys-
tals obtained are then washed and dried. Solvothermal method has various advantages
over other methods like precise control on size, shape, and crystalline phases (Shaikh
et al. [21]). The physical features can be controlled by altering the synthesis condi-
tions like the precursors, solvent, reaction temperature, and reaction time. Shafiu
et al. [22] have studied the prepared strontium hexaferrite by using solvothermal
method without calcination with the help of chlorides in which SrCl,.2H,0 and
FeCl3.6H,0 are dissolved in 15 ml of distilled water by keeping the molar ratio of
1/8. 30 ml of Teflon-lined stainless steel autoclaves used for continuous stirring after
the addition of NaOH and kept in oven for different temperature (170, 180, 190, 200,
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Fig. 4 Basic steps for the preparation of hexaferrite from solvothermal method

210, and 220 °C) for 18 h. Finally, prepared ultrafine particles are extracted with
the help of magnet and dried at 60 °C for 4 h after washing with distilled water,
alcohol, and acetic acid for several times (Fig. 4). Zheng et al. [23] have prepared
La-substituted barium ferrite by using solvothermal method to analyze magnetic
properties. P123 (EO,9PO79EO,p) was used to prepare product in which triblock
copolymer was dissolved in 30 mL of ethylene glycol. Iron (III) nitrate barium
nitrate and lanthanum nitrate were mixed in molar ratio of 1:10 for (Ba + La)/Fe.
Thereafter, NaOH was added to the prepared solution under continuous stirring for
6 h. Crystallization was carried out in stainless steel autoclave. The temperature of
autoclave was maintained at 230 °C for 24 h. Thereafter, precipitate was obtained
through centrifugation and washed with distilled water. Now drying was carried out
at temperature 50 °C before calcination at 950 °C for 6 h followed by pre-calcination
at 400 °C for 4 h.

2.6 Citrate Precursor Method

Ferrites can be synthesized via citrate precursor method (also known as Pechini
method) at low temperatures. In the citrate precursor method, the precursor nitrates
are dissolved in deionized water using a magnetic stirrer. Citric acid is slowly added
to this precursor mixture as fuel. Ammonia solution is used to control the pH of
the reaction mixture. The solution is continuously stirred at around 60—100 °C until
a viscous gel is formed. This viscous gel is then dried in an oven to obtain the
material in powder form. Thakur et al. [24] have conducted studies on the synthesis
of M-type hexagonal strontium ferrites using citrate precursor method. Strontium
nitrate, holmium nitrate pentahydrate, and iron nitrate were taken as precursors. The
mole ratio of citric acid to metal ions was kept to be 1.5: 1. The reaction mixture
was stirred at 70-80 °C. A viscous brown gel was obtained which was dried at 100
°C for 2 days to finally get the precursor powder. Satyapal et al. [25] have esti-
mated the impact of prepared BaFe, ,Nd,O,9 magnetic nanoparticles with varying
neodymium concentration at a low-temperature range, 200 °C. High purity grade
Ba(NOs3), and Nd(NO3)3; and Fe(NOj); were used for synthesis. Citric acid was
used for chelation, and the stoichiometric ratio of citric acid to metal was kept to
be 1:3. The mixture containing stoichiometric nitrates, dissolved in deionized water,
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was stirred continuously till a gel was formed. This gel was dried overnight in an
oven. A voluminous like ash powder was finally obtained which was grinded to fine
powder and was further annealed at 800 °C for 2 h. Kumar et al. [26] have synthesized
strontium hexaferrite nanoceramic using citrate precursor sol—gel process. Nitrates
of Sr and Fe were dissolved in deionized water in stoichiometric amounts. The salt
to citric acid ratio was taken to be 3:1. The pH of the solution was maintained at 7 by
adding sodium hydroxide. The reaction mixture was kept on a hot plate at 80 °C till
a brown color viscous jelly-like structure was formed. The dried jelly resulted into
the formation of lightweight voluminous powder which was annealed at 850 °C for
three hours. The chemical reaction taking place during the process is

Sr(NOs), + Fe(NO3);.9H,0 + C¢HgO; + NH,OH
— SrF,0;9 + NH4NO5; + CO, + H,O.

Koga et al. [27] have worked on preparation of doped barium hexaferrite by using
citrate precursor method. Fe(NO3)3.9H,0 and Co(NOs3),.6H, 0 were used as starting
materials to prepare precursor solution by dissolving in distilled water. NaOH (3 M)
solution was added to prepare solution to maintain pH equal to 8. Then, hydroxides
were added to citric acid (1 M) solution along with BaCO3 and Ti(OCH(CH3);)4.
Then, homogenous solution was prepared after proper mixing at 323 K. In order
to increase viscosity, ethylene glycol was added to solution and then mixed solu-
tions were heated at 360 K. Finally, synthesized nanoparticles were sintered in air at
1423 K for 4 h. Jacobo et al. [28] have reported the synthesis, Co-Nd strontium
hexaferrite by using Fe(NO3)3.9H,0, SrCO3;, Nd,03, and Co(CH3COO),-4H,0O
as starting materials with the help of citrate precursor method. The stoichiometric
amount of metal ions was dissolved in nitric acid solution and ammonium hydroxide
added to solution to maintain the pH at 7. Then, molar ratio of citric acid to nitric
acid was kept in 2:1 to prepare precursor solution and stirred on magnetic stirrer
for several hours to obtain dried gel. The dried gel gets ignited and converted
from gel as loose magnetic powder (Fig. 5). Then, powder was calcined in air at
1100 °C for 2 h. Urea-assisted citrate precursor methods have been employed to
prepare barium hexaferrite by Mudsainiyan et al. [29]. The metal nitrates including
Ba(NO3),, Co(NO3),.6H,0, ZrO(NO3),.6H,0, and Fe(NO3)3.9H,0 were used as
starting materials for the synthesis purpose. Then, aqueous solution of metal ions
mixed the solution of citric acid in a molar ratio of 1:1.1. Then, urea solution was
added to the mixture of metal ions and citric acid. The molar ratio of metal ion:urea
was maintained at 1:2. The acidic environment was maintained by adding nitric acid
in solution and subjected for evaporation at 80 °C that leads the formation of black
color viscous gel. This viscous gel was heated at 120 °C for 1 h to obtain polymeric
resin and further heat treated at higher temperature 150 °C for 2 h to remove excess
residue. The obtained powder was heat treated at 800 °C for 4 h and finally powder
grinded by mortar pestle to produce fine product. The urea as a fuel along the pres-
ence of citric acid helps in achieving crystalline phase at lower temperature than
other route.
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Fig. 5 Basic steps for the preparation of hexaferrite from citrate precursor method

2.7 Reverse Micelle Method

The precursor salt solutions are prepared according to the stoichiometry. The reac-
tion mixture of the salt solutions is prepared by stirring them. For the preparation of
micro-emulsion (reverse micelle), a surfactant, co-surfactant, and oil are required.
The reverse micelle is added to the reaction mixture, and NaOH is added to it in order
to control the pH. The mixture is heated with constant stirring. The obtained precip-
itates are washed with acetone/ethanol and deionized water to remove the contam-
inants, excess surfactant, and unreacted metal ions. Nanoparticles are obtained by
centrifugation and heating of the washed precipitates. Baig et al. [30] have synthe-
sized La** ion substituted MnFe, Oy ferrites by reverse micelle technique. Surfactant
triton-100, co-surfactant 1-butanol, and paraffin oil were used for the preparation of
reverse micelle. NaOH (1 M) solution was added drop wise to the reaction mixture
to maintain the pH at 11. Constant stirring was done for two hours, and then the
precipitates were washed with ethanol and deionized water followed by oven drying.
Finally, the dried materials were annealed for four hours at 400 °C in vacuum.
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2.8 Sonochemical Method

Sonochemical method involves the dissolution of precursors in the deionized water
separately which are then mixed together through vigorous stirring at room tempera-
ture. The mixture solution is then put in the sonication reactor. The intense ultrasonic
waves can drive the oxidation, reduction decomposition, hydrolysis, and dissolution
reactions. The precipitates thus obtained are dried in an oven to obtain the final
product. Sapkota et al. [31] have extended note on synthesized cobalt ferrite nanopar-
ticles using sonochemical method. A reaction mixture of precursor’s cobalt nitrate
and iron acetate was first formed and was then sonicated for two hours. The sonicator
was driven at a frequency of 20 kHz and operated at 62% amplitude. Solid brown
precipitates were obtained which were separated by sonication and then dried in
an oven at 80 °C to get the cobalt ferrite nanoparticles. Palomino et al. [32] have
prepared strontium hexaferrite by using sonochemical method in which strontium
acetate and iron acetate were used as per following reaction:

Sr?* + 12Fe?* + 19H,0, — SrFe;,049 + 19H,0.

Highly pure reagents are mixed together in 50 ml solution of a diethylene glycol
with water in a ratio of diethylene glycol to water (2:1) for 30 min with the help of
magnetic stirrer. Ultrasonic homogenizer Q700 sonicator was used for the sonication
process in which precursor solution was subjected for different sonication times
(10 min to 3 h). The reaction temperature was controlled with the help of water bath
and temperature maintained at 25 °C during irradiation. Powder was washed several
times after sonication process by forming a suspension in ethanol. Centrifugation
was performed three times at rpm of 16,000 for 15 min. Drying process was carried
out at 80 °C in air medium. Finally, obtained powder was subjected for annealing
process at different temperature 300-900 °C in air. Sivakumar et al. [33] have showed
that strontium acetate (CH3-CO,;),Sr and iron (III) acetylacetonate (Fe(CsH; 0, )3 and
ammonia solution 30% (NH,OH) can be used as starting materials for the preparation
of hexaferrite. 0.31 g (0.015 M) of strontium acetate and 6.36 g (0.18 M) of iron
(IIT) acetylacetonate were mixed together in 100 ml distilled water with the help
of magnetic stirrer for 2 min. The molar ratio of Sr**:Fe** was maintained at 1:12.
Then, mixture was irradiated with high intensity ultrasonic horn (Fig. 6). Thereafter,
1 ml of NH4OH solution was added drop wise into the solution to keep pH around
eight after 15 min and subjected to ultrasound radiation for 1 h. Now solution was
mounted on hot plate to evaporate the water at 80 °C and obtained powder gets dried
on hot air for 5 h (at temperature 100 °C). To obtain fine product, samples were
subjected to muffle furnace for calcination process at 1100 °C for 3 h (10 °C/min).
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Fig. 6 Basic steps for the preparation of hexaferrite from sonochemical method

2.9 Aerosol Spray Pyrolysis Method

In aerosol spray pyrolysis method, soluble precursor metal salts are taken in liquid
solution form and then atomized in a spray of fine droplets with the assistance of an
atomizer. It is then passed through a hot wall tabular reactor transforming them to
desired spherical and ultrafine particles. Lorentzou et al. [34] have stated that aerosol
spray pyrolysis technique has been widely used for synthesizing ferrite powders,
coatings, and especially magnetic particles and films. Gonzalez-Carreno et al. [35]
have reported the impact of prepared aerosol spray pyrolysis method on the synthesis
of barium ferrite nanoparticles. In the regards, metal nitrates were mixed together in
deionized water after maintaining the atomic ratio (Fe/Ba) 1:2. The aqueous solution
of citric acid was prepared and mixed with aqueous nitrates in 1:1 molar ratio. The
homogeneous solution was obtained after the addition of ammonia solution. Then,
solution was heat treated at 80 °C to remove excess amount of ammonia. Steam of fine
and uniform droplets that get nebulized at a fixed flow rate 0.5 ml/min was produced
from 2.102 M barium iron citrate precursor solution. Now droplets allow passing
through furnace to evaporate solvent, 200-250 °C, and again dried barium iron citrate
particles pass through second high-temperature (250-1000 °C) furnace to decompo-
sition of citrates to obtain final particles. The product was collected with the help of



3 Advances in the Processing of Ferrite Nanoparticles 53

| Adpstment | Nebulizer | Heatreatment
“Metal ions pocat B | -sorven e
ad chelating “Molar ratio +Nebulizing the S, +Formation of
S and pH solution Ly i nanoparticles
s e
Mixture Magnetic stirrer Stainless steel

er

Fig. 7 Basic steps for the preparation of hexaferrite from aerosol pyrolysis

stainless steel filter having pore size, 0.02 mm. Finally, collected product was heat
treated at 1000 °C for 1 h. Singhal et al. [36] have synthesized BaMFe ;09 (M = Fe,
Co, Ni, and Al) by using aerosol route. The stoichiometric amounts of metal nitrates
were dissolved in a water to prepare 5 x 102 M solution. A steady flow of aerosol
was produced with the help of nebulizer in 40 psi air pressure. Fine droplets from the
sample capillary were forays on an impact bead in the spray chamber that breaks them
into smaller size (aerosol). These fined aerosols were mixed with air and enter into the
furnace maintained at 600 °C which, with larger droplets, get filtered out in the spray
chamber by flowing down the drain. Ferrites were deposited on Teflon-coated pan
after various processes in succession, i.e., desolvation, vaporization, atomization,
and oxidation. Yu et al. [37] have also reported barium hexaferrite nanoparticles
from aerosol technique using regents, viz. Fe(NO3)3;.9H,0, Ba(OH),.8H,0, and
anhydrous citric acid molar ratio Ba>*: Fe**:C3 Hy (OH)(COOH); = 1:12:19. pH
of solution was maintained at 7 by using NH,OH. The prepared solution refluxed at
60 °C (3 h) so that carboxyl group of citric acid can chelate metallic ions in solution.
Two-fluid-type nozzle was used to nebulize the solution, and the obtained aerosol
was passed through the hot air flow (Fig. 7). Then, aerosol enters into the vertical
glass chamber for pyrolysis followed by solvent evaporation. The temperature of hot
air flow was maintained at 250 £ 5 °C and 150 £ 5 °C for inlet and outlet process,
respectively. The obtained particles were kept in oven at 200 °C for 24 h. Finally,
dried particles were heat treated at temperatures (500-800 °C) at a heating rate of
5 °C/min for 3 h.

2.9.1 Sol-gel Auto-Combustion

Sol—gel auto-combustion method is a wet chemical technique. It is preferred because
of its simplicity, cost-effectiveness, is environment friendly, and gives accurate stoi-
chiometry. In the synthesis process, all-metal nitrated precursors are dissolved in
deionized water. Citric acid, which acts as a chelating agent, is separately dissolved
in deionized water. Then the citric acid solution is added to the nitrate solution and
mixed thoroughly by constant magnetic stirring. Ammonium hydroxide is added
to the mixture in order to control the pH while constantly stirring at 80 °C until
a gel is formed. The precursor gel is heated until the final product is synthesized
in powder form. A series of M-type SrAly.Fej»,,0;9 hexagonal ferrites having
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Fig. 8 Basic steps for the preparation of hexaferrite from sol-gel auto-combustion

x = (0.0,0.2,0.4,0.6,0.8,1.0) using sol-gel auto-combustion method taking stron-
tium nitrate Sr(NO3)3, aluminum nitrate AI(NO3)3, and iron nitrate Fe(NO3); as
precursors have been presented by Dilshad et al. [38] in their research work. The
synthesis of Gd—Zn doped Br—Sr hexaferrites nanoparticles has been carried out by
Huang et al. [39] from metal nitrates, viz. Ba(NOs3),, Sr(NOs),, Fe(NO3);.9H,0,
Gd(NO3)3.6H,0, and Zn(NO3)3.6H,0. The stoichiometric solution was prepared
after mixing analytical grade reagents with chelating agent C¢HgO7 in deionized
water. Metal to citric acid molar ratio was maintained at 1:1. NH4OH solution was
used to keep pH of bath at 7, and mixing of solution was done with the help of
magnetic stirrer with gentle evaporation at 80 °C till the formation of a brownish gel.
The gel started burning out as the temperature increases from 80 °C to 150 °C. The
grinded powders were annealed at temperature of 1200 °C (2 h) in a muffle furnace
(Fig. 8). Shariff et al. [40] have synthesized series of barium-strontium hexaferrite
by using (Ba(NO3),, Sr(NO3),, Fe(NO3)3.9H,0) as oxidizers and urea as fuel for
combustion process. Ba;.,Sr,Fe;019; x = 0, 0.25, 0.5, 0.75, and 1 were prepared
after maintaining molar ratio 1:9:31.66 for Ba/Sr(NOs3),: Fe(NO3)3.9H,0):urea.
Urea was used as a fuel for the combustion process owing to lesser hazardous char-
acteristics and low cost for preparation of ferrites in respect to their counterpart, viz.
oxalyldihydrazide, carbohydrazide, glycine, and alanine. Ammonia solution was
added drop wise in precursor solution to achieve pH of 8 for the low annealing
temperature formation of hexaphase in comparison with acidic region. The obtained
brown-colored gel was preheated at 550 °C in furnace. It was observed that fuel
get ignited and auto-combustion took place just after few minutes of preheating. A
black-colored powder was obtained after combustion process as it grows like tree-
like floppy structure. The obtained powder will be crushed with the help of mortar
pestle and annealed at temperature 1000 °C for 2 h in a muffle furnace to achieve
hexaferrite phase.

2.9.2 Green Synthesis

Green synthesis methods have gained much popularity in the past because of
their simplicity, cost-effectiveness, good stability, lesser time consumption, eco-
friendly, non-toxic by-products and can be easily scaled up for large-scale synthesis.
In the green synthesis approach, the hazardous chemicals are replaced by some
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organic/plant-based materials. However, there may be some disadvantages of biolog-
ical materials like being unstable in aggressive environments, bioaccumulation, and
the challenge of recycling, reusing, and regeneration. Kagdi et al. [41] have presented
barium zinc hexaferrite by using combustion treatment method using ginger root
extract as a green reducing agent. The solution of barium nitrate, zinc nitrate, and
ferric nitrate was dissolved one by one in 100 ml ginger root extract which was
extracted by boiling ~ 200 g fresh ginger root for 45 min in 200 ml distilled water.
Ginger (Zingiber officinale) root extracts were used to prepare series of precursor
solution and stirred on magnetic stirrer. The oil bath heating was used to obtain gel
at 90 °C. The removal of water content from the gel was carried out in a muffle
furnace at 100 °C for 20 h. The obtained powder subjected for heat treatment at
900 °C for 5 h followed by preheating at 550 °C after grounding the dried powder for
4 h to obtain desire product using green reducing agent (Fig. 9). The ginger extract
was used for combustion during preparation because of good antioxidant proper-
ties that are associated with reducing power of biologically active compounds. The
research work seems to be useful, economical, time-saving, and eco-friendly tech-
nique. Nickel ferrite by using green synthesis route with the help of different fuels
has been reported by Kulkarni et al. [42]. Metal nitrates were dissolved in 200 ml of
distilled water with the help of magnetic stirrer for 15 min. Then, clove extract was
added to solution as eco-fuel to overcome the importance of harmful toxic chemicals.
Clove extract was prepared from 20 g of clove boiled in 30 ml distilled water for
15 min on magnetic stirrer. The pH of solution was maintained at 9 and continuously
stirred at 80-90 °C for 2 h. The temperature rose to 120 °C for ignition to obtain
dried powder from viscous gel. Then, product was subjected for grinding process
and sintered at 700 °C for 2 h to eliminate the impurities from the final product.
Godara et al. [43] have derived hexaferrite nanoparticles by using natural, green, and
eco-friendly Jamun pulp as a reducing agent. Barium nitrate (Ba(NO3), and ferric
nitrate Fe(NO3)3;-6H,0O were used as starting materials. The stoichiometric amount
of Ba(NO3);, (0.784 g) and Fe(NO3)3-6H,0O(14.5 g) was dissolved in distilled water
in a molar ratio 1:12 to prepare solution. Then, Jamun pulp of different concentration
(0, 10, 20, 30, 40, 50, 60 g) was added to solution. The mixture of Jamun pulp and
nitrates was subjected to continuous magnetic stirring at room temperature. There-
after, sol was heated at 80—100 °C for 2-3 h to obtain blackish-brown viscous gel.
Then gel was heat treated at 200-250 °C for 1-2 h for auto-combustion. Finally,
prepared powder was calcined at 900 °C for 6 h to obtain crystalline BaFe;;0,9.

3 3D Printing of Ferrite Nanoparticles

3D printing has attracted the intention of several researchers to build 3D material by
joining materials layer by layer. 3D printing is commonly known as additive manu-
facturing. 3D printing has wide range of importance in the field of medicine and
electronics. 3D printing is very helpful in implants, drug delivery devices, medical
imaging technologies, surgery, and 3D printing of living cells. Shamray et al. [44]
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Fig. 9 Basic steps for the preparation of hexaferrite from green synthesis of ferrite nanoparticles

have obtained nickel zinc nanoferrites by using pyrochemical urea-nitrate method
and highlighted that desired ferrite fraction in plastic for 3D printing is expected to
be high to deliver high magnetic permeability. The fraction of ferrite was kept as
low as in plastic to make smooth exit of material from the heated extrusion nozzle of
the 3D printer. Polylactide was used as a matrix polymer, and during optimization,
it was observed that higher the ferrite nano-powders fractions, higher the difficul-
ties are there to print. Wang et al. [45] have described the dispersion of ferrite in
filament and printed part of 3D printing of acrylonitrile butadiene styrene polymer-
based nickel zinc ferrite magnetic composites. 3D printing development involves
the selection, processing, and optimization as main components. Selection of print-
able thermoplastic matrix is the most important key step in development. Author
uses acrylonitrile butadiene styrene polymer in this investigation for printing at low
cost because of wide abundance. Acrylonitrile butadiene styrene polymer and ferrite
were dissolved in acetone with the help of magnetic stirring. Sintered nickel zinc
ferrites were dispersed in acetone and poured into the acrylonitrile butadiene styrene
polymer-containing solution under stirring. The evaporation of acetone was carried
out in fume cupboard after spreading the slurry on tray. The obtained composite
was taken and then grounded to form pellets. Yang et al. [46] have presented a
novel 3D gel printing to process complex-shaped strontium ferrite through hydrox-
yethyl methacrylate gelation system. Author presented the 3D printing of strontium
ferrite in which firstly 3D models were designed and then sliced. Printed slurry was
poured into a plastic syringe barrel with a nozzle. Gelation time was well adjusted
by allowing N, N tetramethylethylenediamine and ammonium persulfate along with
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slurry. It helps to print strontium ferrite part at a speed of 20 mm/s. Then, the prepared
printed sample was further dried in an oven at 50 °C at 8 h. Thereafter, sample was
subjected for sintering processing at 1300 °C for 2 h (4 °C/min) followed by heat
treatment at 500 °C (1 h) in a tube furnace in an argon atmosphere.

4 Conclusion

Hexaferrites have been well prepared with versatile and economical methods such as
solid-state reaction, sol—gel method, co-precipitation method, hydrothermal method,
solvothermal method, citrate precursor method, reverse micelle method, sono-
chemical method, aerosol spray pyrolysis method, and auto-combustion method.
However, the involvement of highly flammable and toxic chemicals makes them
non-environmentally friendly methods for the preparation of nanoparticles. Green
synthesis approach was found to be suitable as an environmental-friendly technique to
overcome the present concern raised by chemical industries. Except green synthesis
route, all other methods involve harmful chemicals for the preparation of nanopar-
ticles, whereas green synthesis involves natural extracts as reducing agent for the
preparation as well as to possess good antioxidant properties.
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Chapter 4 ®)
Ferrite Nanoparticles for Water oo
Decontamination Applications

Aayush Gupta and Raveena Choudhary

1 Need of Wastewater Treatment

“If we move forward and don’t clean up the messes of the past, they’ll just get swept under
the rug.”—Erin Brokovich.

Water is a source of survival for all forms of life on earth. One cannot die without
love and surely can without water. Globally, the supply of safe, secure, and inex-
pensive water has been one of the biggest difficulties faced in recent years. Fresh
water availability per capita has been decreased as a result of the alarming rate of
industrialization and population growth [1, 2]. Water covers over 71% of the surface
of the globe. Of the total available water, around 97% is found in oceans and 3% is
fresh water. Only 0.3% of the freshwater on earth’s surface is located in fresh lakes,
rivers, and streams, while 68.7% of the remaining fresh water is frozen in icecaps
and glaciers. The remaining freshwater is found beneath the ground [2]. The water
distribution over the earth’s surface is depicted in a pie chart in Fig. 1.

Along with the very low availability of fresh water on the earth, industrialization
and urbanization are also causing the deterioration of water quality. As a result, water
crises are becoming unimaginably severe over the globe. Even though the planet’s
freshwater supply has mostly remained steady over time through constant recycling
via the atmosphere and back. The rise in population implies that the rivalry for a
plentiful supply of clean water for drinking, cooking, bathing, and supporting life
grows more intense every year. According to a recent report by UNICEF, nearly 2/3rd
of the world’s population, i.e., 4.0 billion people endure extreme water scarcity for at

A. Gupta (X))
Department of Mechanical Engineering, GLA University, Mathura 281406, India
e-mail: present.ayush@gmail.com

R. Choudhary
School of Physics and Materials Science, Thapar Institute of Engineering and Technology,
Patiala 147004, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 61
P. Sharma et al. (eds.), Engineered Ferrites and Their Applications, Materials Horizons:
From Nature to Nanomaterials, https://doi.org/10.1007/978-981-99-2583-4_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2583-4_4&domain=pdf
mailto:present.ayush@gmail.com
https://doi.org/10.1007/978-981-99-2583-4_4

62 A. Gupta and R. Choudhary

M Glaciers and Icecaps
® Groundwater
M Rivers and lakes

® Others

® Ocean water
® Fresh water

Fig. 1 Water distribution over the earth’s surface

least one month each year. Due to the acute water shortage, 700 million people may
be displaced worldwide by 2030 [3]. These key factors of water scarcity in the future
are enough to be alarmed and step up for water conservation. Due to the dumping of
polluted water effluents from industries to rivers and other freshwater streams, water-
borne diseases are rising. According to recent data from a WHO assessment, at least
2 billion people drink polluted (feces) water. Microbial contamination brought on
by feces contamination poses the biggest threat to the potable water. Drinking water
contaminated by microorganisms increases the risk of contracting diseases such as
diarrhea, cholera, typhoid, polio and contributes to the 4,85,000 annual deaths from
diarrhea. The most dangerous chemicals in drinking water include arsenic, fluo-
ride, and nitrate, but novel pollutants like pesticides, drugs, per- and polyfluoroalkyl
substances (PFASs), and microplastics are now a source of public concern [4]. These
pollutants generally emerge from wastewater from industries and households. Recy-
cling wastewater effluents is therefore a top issue in every community worldwide in
terms of environmental conservation and sustainable development.
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2 Background of Photocatalytic Wastewater Treatment

The major water pollutants are of three types, viz. organic, inorganic, and microbial
contaminants. The organic pollutants include pesticides, phthalates, phenols, dyes,
and other VOCs from industries. These pollutants are usually carcinogenic and muta-
genic in nature even present in very small fractions and can lower dissolved oxygen
causing harm to humans and aquatic life. Metals, salts, and other substances free of
carbon are examples of inorganic pollutants. From an ecotoxicological point of view,
metal ions like Hg?*, Pb?*, Cr3*, Cr*t, Ni%*, Co?*, Cu?t, Cd**, Agt, As>*, and As**
are toxic. In addition, the contamination caused by radioactive elements is a serious
problem given their potentially dangerous long-term effects. Microbes/pathogens
including bacteria, viruses, and parasites may only be present in very small concentra-
tions in drinking water, but they are a major risk factor for the safety of water since they
spread many infectious diseases. The pathogens such as bacteria, viruses, protozoa,
and helminths are responsible for disease such as diarrhea, cholera, gastrointestinal
illness [5-13].

Primary, secondary, and tertiary treatments are some of the processes in the treat-
ment of wastewater as shown in Fig. 2. In the preliminary treatment procedure, heavy
objects like sand, stones, etc. are separated from water using a range of processes,
such as screening followed by grit removal, then pre-aeration, flow metering, and
finally sampling. After initial treatment, primary treatment using sedimentation and
floatation process removes the settleable organic solids. Biological techniques are
employed in secondary treatment to further decompose organic materials, remove
dissolved and colloidal particles (aquatic microorganisms). The most important and
final stage entails a thorough tertiary treatment to clean the secondary-treated water
and make it fit for consumption [14, 15]. There are tertiary treatments available to
extract or degrade waste from wastewater using physical, chemical, and biological
techniques (Fig. 2). These methods include electrochemical techniques, ozonation,
adsorption, reverse osmosis, coagulation and flocculation, precipitation, and fungal
decolonization [16-22]. For tertiary treatment, typical purification systems are either
inefficient or excessively expensive. When using chemical techniques, ozonation
is the least effective because of its short life and high expense, while the limita-
tion of chlorination is that it may produce trihalomethane, a harmful disinfection
by-product. Reverse osmosis is an expensive and ineffective physical approach for
treating wastewater, as are flocculation and filtering [23]. When using biological
methods, system handling becomes extremely important. Therefore, there is still a
need for an effective, affordable, and manageable wastewater treatment method.

Among various wastewater treatment techniques, advanced oxidation process
(AOP) compared to other techniques is rapid, effective, and inexpensive. It can over-
come obstacles including hazardous by-products, high costs, and partial removal
of pollutants. AOPs are employed for the complete mineralization of complex bio-
refractory pollutants from aqueous solution [1]. Different AOPs include Fenton-like
reactions, ozonation, and photocatalysis which require costly catalysts, equipment
and may lead to incomplete degradation to form toxic secondary products which adds
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to environmental stress. One form of promising AOP technology is sunlight-driven
photocatalysis. Solar irradiation has the ability to activate photocatalysts, resulting
in the production of highly reactive photo-induced charge carriers that react with
contaminants. In AOP photocatalytic process, the photocatalyst is generally mixed
with the aqueous sample in which pollutants are present. The mechanism of photo-
catalysis is shown in Fig. 3. The basic principle on which AOP photocatalysis works
involves the generation of exciton pair upon irradiation exposure of photocatalyst
with electromagnetic radiation of energy, equal or greater than the optical band gap of
the catalyst. The transition of electron (e™) from the valence band to the conduction
band occurs, and holes (h*) are left in the valence band. Therefore, a photocatalyst
with a smaller band gap is more likely to absorb more photons from visible light. The
generated e~ and h* further react with water and dissolved oxygen in the water to
form superoxide anion radicals and hydroxyl radicals. These radicals further react on
the adsorbed pollutant on the surface of the catalyst to decompose it to form minerals
and CO; [24]. The following equations represent the mechanism of photocatalysis:

catalyst + hv — catalst +h™ +e~, (D)
catalyst(e’) + 0, — 05, 2)
catalyst(h*) + H,O — OH’, 3)

05 + OH' + pollutant — CO, + H,0. 4)
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3 Magnetic Materials as Photocatalyst

There are variety of materials which have been used so far as photocatalyst for
wastewater treatment including metal oxide (ZnO, TiO,, BiTiOs, SrTiO;3, Fe,0s3,
BiOBr, CaFe,0y4, ZnFe, 0y, etc.), metal organic frameworks, carbon nanostructures
(carbon nanosphere, carbon nanotube, carbon nitride, etc.), metal sulfide (ZnS, CdS,
CulnS,, etc.), piezoelectric materials, and noble metals (Pt, Ag, and Au). Due to its
great chemical inertness, non-toxicity, abundance (0.44% of the earth’s crust), and
cost, titanium dioxide (TiO;) is currently the most used photocatalyst. Possessing
3.2 eV as optical band gap, TiO, can absorb UV light (A <387 nm), which only makes
up 5-8% of the whole solar spectrum. As a result, efforts have made on developing
novel composite of TiO, with various components, such as carbon nanotubes, acti-
vated carbons, metal ions (Co, Ag, Au, etc.), and non-metals (nitrogen, carbon, sulfur,
etc.). A good photocatalyst needs to have alow bandgap energy, with CB and VB at the
proper positions to increase visible light activity. Other than that, a common problem
with all the photocatalysts is their recovery from solution after use and thereafter their
reuse, which restricts the scope of applications for photocatalysis [25-27].
Recently, magnetic materials have proven to be more useful for application of
photocatalysis. The advantages of magnetic materials as photocatalysts over non-
magnetic photocatalysts are their high efficiency, sustainability, and ease of prepara-
tion. When the particle size decreases (to nano-level), solid/liquid separation becomes
increasingly challenging. On the other hand, magnetic filtering can be used for sepa-
ration of catalyst from solution when using magnetic sorbents based on metal oxides.
Additionally, using magnetic fields to remove particles from solutions is more effi-
cient and effective (and frequently much faster) than centrifugation or filtering. The
benefits of employing magnetic nanoparticles as an adsorbent in water treatment
procedures include their high reusability, biocompatibility, selective solid/liquid
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separation using magnetic filtration, which is speedier than centrifugation and filtra-
tion procedures. However, the most important advantage of using magnetic materials
is that catalysts are simply removed using a magnetic field from outside to separate
the reaction liquid [28, 29]. The entire processes can be done with low cost in less
time and improved reusability of the catalyst (Fig. 4).

Numerous types of magnetic materials have been fabricated, developed, and
employed successfully in a variety of applications, including biomedicine, MRI,
catalysis, spintronics, robotics, engineering, environmental remediation, etc. [2]. For
a magnetic material being able to show best photocatalytic behavior under visible
light, the following conditions must be satisfied:

Their band gap should lie in the region of semiconductor (2-3 eV).
Should be applicable at ambient temperature and pressures.

Good selective adsorption.

Lower rate of recombination of electrons and holes.

Complete mineralization with no harmful by-products.

There are several methods to synthesize magnetic materials, including co-
precipitation, solvothermal, hydrothermal, microemulsion, sonochemical, etc.,
which affect their magnetic properties, particle size, distribution, shape, and other
characteristics. There are variety of metals which show magnetic properties, but the
strongest magnetic materials consists of iron, cobalt, and nickel or their alloys [2]. All
these magnetic photocatalysts are typically the composites made of magnetic mate-
rial and non-magnetic photocatalytic material. In general, iron is used as one of the
major components for the synthesis of magnetic photocatalysts. The most common
and potentially useful magnetic minerals for water treatment are a-Fe, O3 (hematite),
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B-Fe, O3 (maghemite), Fe;O4 (magnetite), and FeO (wustite) out of the eight known
phases of iron oxides [30]. Initially, single-phase magnetic material such as Fe,O3 is
used in environmental applications [31]. Rarely, reports are there on magnetic photo-
catalysts with a single phase that had high catalytic performance [32]. Most single-
component, single-phase photocatalysts have a weak capacity for visible adsorp-
tion, which results in a low catalytic efficiency. Development of binary and ternary
photoactive ferrites has been used to address this difficulty. The general formula for a
material containing Fe3* is MFe, 04, where M is a transition metal (Cu, Zn, Co, Mn,
Ba, or Ni). Size- and shape-dependent magnetic response (saturation magnetization)
of ferrites enables their utility as photocatalyst under external magnetic field. In terms
of a photocatalytic application, the narrow band gap caused by the additional metal
(M) enables ferrite as a very potent catalyst under visible radiation. Strong photo-
catalytic activity is demonstrated by ferrites, particularly when paired with other
binary or photoactive materials such as BiFeOs, ZnFe,04, CoFe, 04, NiFe,04 [33].
The examples of other binary ferrite photocatalysts along with synthesis method,
pollutant, and efficiency of degradation are given in Table 1.

The interaction of a magnetic oxide with other oxide phase has also been exten-
sively investigated as a way to produce highly photoactive materials. The catalytic
activity can be significantly increased and charge recombination can be reduced
when two different oxides are combined. Other than that, to overcome the difficulty
of separation of photocatalyst along with the achievement of superior efficiency,
combination of already available photocatalysts with the magnetic materials is came
into existence. As TiO, is the most widely used catalyst, synthesis of magnetic photo-
catalyst in combination with TiO, has been studied broadly. For the very first time
in 1994, Japanese patented the synthesis of Fe3;04/TiO, nanocomposites via tita-
nium oxide deposition onto a magnetic core via hydrolysis of TiOSO,, which led
to its precipitation. Towata et al. in 1997 patented the dispersion of ferromagnetic
particles in a TiO, suspension led to the creation of another magnetic photocatalyst
[34]. Afterward, various researchers reported the deposition of photocatalyst onto
magnetic core particles [35-38]. According to Beydoun et al. [35], charge carrier
recombination of Fe;O,4 could be caused by the contacts between the Fe oxide (core)
and TiO; (shell) during illumination. Iron is less likely to be transported into the
lower conduction band of the Fe;O,4 core due to photogenerated electrons which are
elevated to the conduction band of TiO,. The iron oxide core’s conduction band is
preferred by the photogenerated holes in the valence band of TiO,, which causes iron
to oxidize and then leach iron ions into the solution. Therefore, it was concluded that
interaction between magnetic Fe oxide and photoactive TiO, caused reduced photo-
catalytic activity when compared to solo TiO, against organic pollutant degradation.
It was recommended to sandwich an inert layer between the magnetic core and TiO,
shell to fend off photo-dissolution. The three-component photocatalyst is composed
of three layers: (i) magnetic core, (ii) interlayer that prevents photo-dissolution and
charge carrier recombination, and (iii) photocatalytic outer layer for the degradation
of target molecule. Gad-Allah et al. [39] synthesized TiO,/SiO,/Fe;O4 composite
as a magnetic photocatalyst in which silica was used as inert layer between TiO,
and Fe;Oy4 to protect the magnetic and recombination of electron holes. In a similar
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Table 1 Magnetic metal oxide-based photocatalysts with synthesis method, pollutant, and effi-

ciency of degradation

Catalyst Synthesis Saturation Pollutant Photocatalytic | Ref.

method magnetization efficiency (%)
(emu/g)

Fe3;04 @TiO, Hydrothermal |32.9 RhB 85 [43]

Fe;04@MnO; Hydrothermal |- Metal cations | 88 [44]

BiFeO3 Thermolysis - Doxorubicin |79 [45]

ZnFe; 04 Probe - Acid red 98 [46]
sonication

CoFe; 04 Sol-gel - Reactivered |74 [47]

NiFe; 04 Co 31 Titan yellow | 98.8 [48]
precipitation

Fe3;04@Zn0O Hydrothermal | 60.7 Phosphorous | 92 [49]

Fe304@Sn0O, Hydrothermal | 1.5 E. Coli [50]

inactivation

Fe304/g-C3Ny Hydrothermal |47.6 MB 98 [51]

Fe3;04@TiO, Sol-gel - Quinoline 95.6 [52]

Fe3;04@0-MnO; Two-step 39.9 BPA 92 [53]
hydrothermal

Fe304@Zn0O Coprecipitation | 24.2 AMX 90 [54]

rGO@Fe304@TiO; Sol-gel - MB 99 [55]

Fe304@MnO, Hydrothermal |32 Congo red 95 [56]

Cu@Fe@F;04 Ball milling 38.56 MB 100 [57]

CoFe 04 Wet chemical |- 4-nitrophenol | 63 [58]

P25 @graphene @Fe304 | Solvothermal 5.26 RhB, MB, 100 [59]

MO
TiO,/CuFe; 04 Sol-gel MB 57 [60]

manner, other reports also showed the use of silica or carbon as inert layer material
between TiO, and magnetic core to form composite which was completely magneti-
cally separable with high photocatalytic efficiencies [40—42]. Other material that has
been extensively used as photocatalyst is zinc oxide (ZnO), which has a bandgap
energy that is similar to that of TiO; (3.37 eV). Other benefits that have prompted
researchers to extensively study its photoactivity include its electron mobility and
inexpensive production costs. Researchers reported the synthesis of Fe; O4-embedded
ZnO magnetic materials as semiconductor photocatalysts for wastewater treatment.
Some other examples of important magnetic metal oxide-based photocatalysts with
synthesis method, pollutant, and efficiency of degradation are given in Table 1.
Successful immobilization or covalent bonding of organic moieties and non-
metals, such as S, N, Cl, and P, onto magnetic photocatalysts has also been used
to aid in the photodegradation of organic contaminants. It has been demonstrated
that adding a well-selected organic modifier can produce a material with a greater
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photoactivity than its pure inorganic counterpart. When a material is doped with a
suitable dopant, such as N doping in TiO, photocatalyst leads to increased photoac-
tivity. The substitution of N-atoms for oxygen in the lattice sites has been connected
to an increase in photoactivity, and this will result to an occupied Ny, level above
valence band of catalyst (O,p,). The semiconductor’s new Ny, level is situated halfway
between the valence and conduction bands enabling easier transportation of Ny,
electrons to conduction band.

The common examples of organic/inorganic/magnetic photocatalysts involve
the combination of ferrite with carbon, silica, poly(propylene oxide), poly-
dopamine, poly(N-isopropylacrylamide), multiwalled carbon nanotubes, carbon
spheres, graphene, etc., for usage in wastewater treatment via photocatalysis. Along
with their appropriate magnetic properties—namely, being ferrimagnetic, ferromag-
netic, and super paramagnetic (nanoparticle size < 10 nm)—their synthesis process is
easy and inexpensive. According to their intended usage, these magnetic materials’
size, shape, and magnetism may be easily changed, making it simple to disperse
them in liquid media and maintain their stability for various applications. Addi-
tionally, these materials are biocompatible, chemically inert, thermally stable, and
non-toxic or less hazardous [2].

In addition, numerous researches have been conducted in which the
various magnetic properties, such as electron spin, external magnetic field, or
size/morphology of the catalysts, were identified and might potentially have an
impact on the photocatalytic efficiency of the magnetic material.

4 Properties of Magnetic Photocatalysts

The saturation magnetization, coercivity, magnetoresistance effect, etc. of magnetic
materials’ photocatalysts typically affect their effectiveness. These properties directly
affect the rate of charge separation and recombination and hence the photocat-
alytic efficiency of the material. These properties are directly affected by exter-
nally applied magnetic field, tuning of electron spin, and size of the photocatalyst
sample. In contrast to expectations, the photocatalytic process takes a period of
101073 s for the charge separation and transportation of excitons, which is signif-
icantly higher than the time of recombination (101>-~1073 s) in a typical semicon-
ductor [61]. Here, the preparation of composite materials would solve the splitting
and transfer of photoexcited electron—hole pairs-related issues. When a metal and
semiconductor are combined, the semiconductor’s energy band forms an interfacial
electronic antiblocking layer, delaying the recombination of excitons. This results
from the disparity between the Fermi level of the semiconductor and the work func-
tion of the metal. Another method to improve the separation and transmission of
photogenerated electron—hole pairs is to apply an external magnetic field while the
photocatalytic process is underway.
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External magnetic field and Electron spin orientation

An acceptable, effective, non-contact way for increasing photocatalytic efficiency
is to apply an external magnetic field. The magnetic field can alter the electrical
configurations of the photocatalyst in its ground state, specifically the direction of the
electron spin, in addition to producing the Lorentz force to split the photogenerated
electrons and holes. Additionally, the chance that reaction intermediates will come
into contact with catalyst-active sites is increased by an external magnetic field.

In case of non-ferromagnetic materials, external magnetic field does not impact
electron spin orientation, and both show separate effect on the photocatalytic effi-
ciency of the materials. When an external magnetic field is applied, a moving charged
species in a magnetic field encounters a Lorentz force for non-ferromagnetic mate-
rials. Lorentz force is determined by the equation F' = g.v.B, where q is the charge,
v is the velocity, and B is the strength of the magnetic field. Light activates the elec-
tron—hole pairs during the photocatalytic reaction. They will experience opposing
forces and deviate in the opposite direction when traveling in an external magnetic
field as a result of their opposite charges. More carriers can interact with the catalyst
surface and take part in the catalytic activity as a result of the longer lifetimes of
electrons and holes.

Since charge and spin are two characteristics that electrons inherently possess.
Spin orientations can be categorized as upward and downward, and inverse spin
orientations will produce magnetic fields in the opposite direction. The electron
spin states within a catalyst determine the electronic configurations of the catalyst’s
ground state, which in a notable way influence a catalyst’s ability to absorb light,
photogenerated carriers’ splitting and recombination, and the intermedia species
reaction barrier. Enhancing the effectiveness of electron transfer is possible through
the dissipation-less spin transporting generated by spin polarization. Spin orientation
can be tuned by adjusting the vacancies available in the catalyst via doping. In case of
ferromagnetic sample, the spin orientation can be simply tuned by applying external
magnetic field [62].

Electron spin states and outside magnetic fields have an impact on photocatalysis
performance when ferromagnetic catalysts are exposed to a magnetic field. Electrons
with spin preference can be produced by ferromagnetic catalysts, and these electrons
will align with the external magnetic field. The interface of composite catalysts could
easily permit the passage of electrons with precise spin alignments. A common trait
is a negative magnetoresistance (MR) effect. The formula for MR can be given in
Eqg. (5) below:

MR = [(Ry — Ro)/Ro] x 100%, (5)

where the symbols Ry and Ry, respectively, stand for the resistances with and without
amagnetic field. A substance exhibiting the MR effect can change its resistance when
the magnetic field is present. Therefore, the resistance will drop in a magnetic field ifa
photocatalyst material displays a negative MR effect. A negative MR photocatalytic
material will have its spin moments align parallel to one another in the presence
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Fig. 5 Schematic of improved charge separation and enhanced photocatalysis via application of
external magnetic field

of a magnetic field, which allows for more photogenerated carriers to participate
in the surface photocatalytic processes. As a result, photogenerated carriers will
be used more frequently, and photocatalytic performance will be improved with
high sunlight conversion efficiency. In the meanwhile, a magnet can easily recycle
photocatalysts having ferromagnetic properties [61, 63]. The schematic of charge
separation with induced Lorentz force by applying external magnetic field and thus
leading to enhanced photocatalytic activity is shown in Fig. 5.

Shi et al. [61] reported that hydrothermal and photoreduction methods used to
create ZnFe,0,4/Ag were used to deposit it on a 3D-cs substrate (to create 3D-cSZA)
forincreased surface area. In a 3D-cSZA photodegradation experiment, MO degraded
18% within 90 min and the photodegradation performance is further enhanced by
the addition of a magnetic field, and at the same time, 24% of MO was degraded.
Due to the photocatalyst’s negative magnetic resonance (MR), when a magnetic field
is provided, excessive electrons and holes can move to the surface to degrade pollu-
tants, which are advantageous for increasing photocatalytic efficiency. Li et al. [64]
reported the photocatalytic removal of Rhodamine B dye at equivalent rates of 59%,
74%, 83%, and 84% (magnetic fields 0, 3, 6, and 8 kOe, respectively) in the presence
of a-Fe,;03/rGO nanocomposites. The applied magnetic field led to a notable increase
in photocatalytic efficiency. In contrast, the photocatalytic efficiency of pure a-Fe, O3
was barely observed at zero magnetic field. When the a-Fe, O3/rGO nanocomposites
were subjected to various magnetic fields, an apparent MR effect can be seen. While
a-Fe, O3 nanoparticles did not exhibit MR impact due to alignment of magnetic
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moment («-Fe, O3 4+ rGO) and applied magnetic field lines, electronic spin orien-
tation could easily pass through the resulted interface, which resulted in lowered
resistance of a-Fe,03/rGO nanocomposites when a magnetic field was applied. In a
similar work, Wang et al. [65] used the composite photocatalyst of a-Fe, O3 and rGO
(mass ratio, 10:1) in 1000 Oe magnetic field. The visible light-induced degradation
efficiency of Congo red (CR) was improved from 60 to 87%. In comparison to pure
a-Fe, 03, the composite photocatalyst had a greater negative MR and more vigorous
magnetization intensity, according to magnetic behavior measurement. By applying
a magnetic field, it was possible for the electrons with the precise spin alignments
to flow over the contact with ease. He et al. [63] prepared ZnFe,04/AgBr magnetic
photocatalyst. The % degradation of Congo red using the synthesized photocata-
lyst without the external magnetic field was 40% in 90 min. The photodegradation
efficiency of ZnFe,O4/AgBr was significantly increased by applying 1000 Oe of
magnetic field; 53% of condo red was photodegraded in just 90 min. It was observed
that only AgBr catalyst showed no changes in their photocatalytic efficiency with
variation in magnetic field. Also, pure ZnFe,O4 showed significant enhancement in
the photoactivity with external applied magnetic field. Therefore, it was concluded
that due to its greater negative MR, ZnFe,O4/AgBr has the maximum photocatalytic
activity when exposed to a magnetic field.

Hence, adding the magnetic field to photocatalytic processes is a useful and effec-
tive way to increase the efficiency of solar energy conversion while also improving
adsorption on surfaces and charge separation.

Size and Morphology

The particle size induced magnetic features, e.g., coercivity and saturation magne-
tization, has already been well-documented. Depending on the material, saturation
magnetization and coercivity for small nanoparticles up to a threshold size have been
observed to increase as particle size has risen. The following equation gives the sepa-
rating magnetic force (F',,) operating on the particles from solution with the help of
external magnetic field:

Fo = 110.Vy.(My. N)H,, (6)

where V, and M|, are the particle’s volume and magnetism, respectively, and H, is
applied magnetic field strength. Therefore, the force needed to separate the magnetic
particles from the solution increases with respect to increased particle size. The
surface-to-volume ratio is decreased by increasing particle diameter, which lowers
the photocatalytic material’s effectiveness. So, in order to obtain the desired outcomes
in these methods: improved photochemical kinetics and magnetic recovery, these
parameters must be regulated [66].

The factors such as size, coercivity, saturation magnetization, which directly affect
their performance, are influenced by the morphology of the nanoparticles in addition
to the size and nature of the material. Exploring various nanomaterials morphologies
is therefore vital to fully comprehend the potential benefits and drawbacks that each
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one of them may have in relation to applications. The foundation for the develop-
ment of advanced multicomponent magnetic systems will be the structure—properties
relationship as well as the selection of synthesis techniques in terms of resilience,
particle size uniformity, scalability, and chemical characteristics. The saturation
magnetization directly affects the magnetic moment which in turns consequences
the photocatalytic activity of the magnetic materials. An increase in photocatalytic
degradation is related to the maximum net magnetic moment [67]. The cube-shaped
particles exhibit the highest saturation magnetization, while rod-like particles exhibit
the lowest, notwithstanding the difficulty in accurately controlling the morphology,
particle size, and crystallinity of the nanosized particles [68]. Baghshahi et al. [68]
reported that after 120 min of exposure to light, the photocatalytic MB removal
efficiency of Fe;O4-TiO, NPs was greater than 90, 73, and 64% (spherical, cube,
and rods, respectively). On the contrary, in another report by Baghshahi et al. [69],
magnetite nanoparticles of different morphologies were developed by hydrothermal
method with magnetic saturation of 60.74, 66.36, and 35.11 emu/g for the sphere,
cube, and rod-like morphologies. The results were interpreted in terms of particle
size, and the greater critical size of rod-shaped nanoparticles can be used to explain
the magnetic drop in saturation. In contrast to spherical nanoparticles, the magnetic
saturation of cubic nanoparticles rises with size.

Only a very few reports are available in which the effect of morphology in corre-
lation with particle size of magnetic materials on their photocatalytic activity is
explained. The variation in morphology contributes in the saturation magnetiza-
tion of the magnetic material which in turn affects its photocatalytic activity, but
the results are dependent on particle size too. In conclusion, both particle size and
morphology play altogether to put an impact on the saturation magnetization and
thus photocatalytic activity of the magnetic material.

5 Conclusion

This chapter explains how magnetic materials’ structure—property connection affects
their photocatalytic efficiency for removing organic contaminants from aqueous solu-
tions. The availability of drinkable water is still a problem for mankind, aquatic vege-
tation, and animals. In this context, research teams have found a number of techniques
for recycling spent water. Among them, the oxidation of organic pollutants (such
as dyes, pigments, pesticides) by photocatalysis appears simple and quick, and it
produces non-toxic by-products. The role of semiconducting magnetic nanoparticle
in the photocatalysis has been explained in detail. Different types of magnetic mate-
rials, viz ferrites, their organic, inorganic, metallic composites, and their role in photo-
catalysis have been discussed thoroughly. However, a very few researchers studied
the influence of these catalysts’ magnetic properties on photocatalytic activity. In
case of non-ferromagnetic materials, external magnetic field does not impact elec-
tron spin orientation, and both show separate effect on the photocatalytic efficiency of
the materials. Electron spin states and outside magnetic fields have an impact on the
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efficiency of photocatalysis when ferromagnetic catalysts are exposed to a magnetic
field. Spin-preferential electrons can be produced by ferromagnetic catalysts, and
these electrons will align with the surrounding magnetic field. The common trait
is negative MRs. More photogenerated carriers can take part in the surface photo-
catalytic processes because a negative MR photocatalytic material will have its spin
moments align parallel to one another in the presence of a magnetic field. As a result,
photogenerated carriers will be used more frequently, and high sunlight conver-
sion efficiency will enhance photocatalytic activity. Other than external magnetic
field, effect of particle size and morphology on their photocatalytic activity was also
discussed. It was concluded that the variation in morphology influences the satura-
tion magnetization of the magnetic material, which in turn impacts its photocatalytic
activity, but the outcomes also depend on particle size. To achieve a suitable magnetic
performance for such photocatalytic applications, magnetic particles must be of the
appropriate sizes and have a morphology that exhibits high saturation magnetization.
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Chapter 5 ®
Ferrite Nanoparticles for Hyperthermia oo
Treatment Application

Vineet Kumar, Nitesh Kumar, Manu Vineet Sharma, Sunil Kumar,
and Attuluri Vamsi Kumar

1 Introduction

Because of biocompatibility and durable magnetic activity, nanoferrites are
frequently used in biomedical applications, especially in magnetic hyperthermia
treatments [1]. Through the use of dopant materials, biocompatible coatings, and
preparation techniques, the effectiveness of nanoferrites is examined. Nanoferrites,
which are known for having an exceptional heating mechanism, have been frequently
employed in magnetic hyperthermia to destroy tumor cells [2]. Furthermore, the
utility of nanoferrites in cancer treatments, magnetic hyperthermia inflict unam-
biguous necessities [3]. Dopant materials, biocompatible overlays, and preparation
procedures are used to examine the performance of nanoferrites [4]. Due to having
a specific characteristics, nanoferrites are frequently used in the treatment of various
medical ailments in required amount [5].

Identifying the restrictions, delivering innovative nanoformulative materials
which enhance magnetic characteristics by placing a biocompatible surface and
magnetic nanoferrites are more efficient and performed better [6]. Research on these
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nanoferrite materials should be assessed in order to determine their application and
efficacy in the treatment of various malignancies.

1.1 Ferrite Nanoparticles

Due to its numerous applications in a various disciplines, extending from biomedical
to industrial, ferrite nanoparticles (FNPs), which are a large subgroup of magnetic
nanoparticles (MNPs), have drawn a lot of attention. Fenton-like oxidation is one of
the advanced oxidation processes (AOPs) that may effectively take away a range of
contaminants from water. Spinel ferrite nanoparticles (SFs) have piqued the interest
of researchers. Due to their unique physicochemical features, low cost, high catalytic
activity, and interesting band gap have garnered a great deal of interest in recent years
for use as a catalyst in this process. Similarly, their magnetic qualities allow for quick,
simple, and low-cost separation from the reaction liquid [1-3].

The usage of many spinel ferrite nanoparticles as MFe,O4 has limitless potential
as a catalyst in heterogeneous Fenton- and photo-Fenton-like oxidation. The use of
spinel ferrite nanoparticles (SFNPs) to purify wastewater and water sources is done
by using the magnetic and structural properties of these ferrimagnetic systems [4].
Additionally, the revival and recycling advantages of using ferrite nanoparticles in
waste water treatment are due to the role of spinel ferrites in the photodegradation
of organic molecules [2, 3, 5].

It is necessary to identify the restrictions, and two potential solutions include
developing innovative nanocomposite materials with improved magnetic character-
istics due to the use of a biocompatible over lamina, as well as magnetic nanoferrites
with improved performance and utility [6—10]. Ferrite nanoparticles are beneficial
and depict very precise amalgamation rate for magnetic hyperthermia utilization.

“Nanoparticles” were formed by using a technique known as chemical co-
precipitation. Manganese zinc ferrite (MZF) nanoparticles (NPs) were set up and
used in the application of hyperthermia at room temperature [11-15]. The manu-
factured “ferrofluids” material could be employed to treat magnetic hyperthermia
because heating potential may be reached within 65 s of hyperthermia temperature
(42 °C) at lower 4 mg/mL levels. Due to their high heat-generating ability in a short
time at a low concentration, the produced MZF nanoparticles offer a viable option
for hyperthermia treatment [3, 7, 16]. Cobalt—zinc ferrite nanoparticles were devised
by various techniques, and the produced NPs were comprehensively characterized
on the basis of their utility [1, 14—16].

Heat production is considered to be caused by hysteresis, and CeGdZn—ferrite
nanoparticles experience a decrease in temperature because ferromagnetic nanopar-
ticles should experience diminishing returns on temperature rise. Future uses of
cerium oxide nanoparticles with integrated gadolinium are highly promising due to
their medicinal and diagnostic capabilities.

Ferrite nanoparticles (FNPs) have vast applications in a variety of sectors,
including biomedicine, wastewater treatment, catalysis, and electrical devices [15,
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17, 18]. Use of FNPs in electronic devices places a stronger emphasis in electronic
materials such high-density recording medium, energy storage, microwave devices,
and electromagnetic interference shielding [19-27]. Condition is recognized if a
patient’s fever is less than 95 °F (thirty-five degrees Celsius). Hypothermia, which
can affect people of any age, is usually brought on by exposure to elements of cold
weather like snow and ice. In addition, immersion in cold water may cause it [28]. As
aresult, studies on these nanoferrite materials are being conducted to determine their
use and efficacy in cancer treatment. Future options for cancer therapy may include
the improved ferrite-based nanoformulation, which increases their effectiveness in
biological molecules [29-34].

2 Hyperthermia

The equilibrium between heat production and heat loss controls body temperature.
All metabolic activities produce heat inside, and when surrounding temperatures
are higher than body temperature, heat is evacuated from the nearby atmosphere
[35]. The body’s surfaces disperse heat. The skin is the most significant location for
heat loss, although the lungs also contribute. Hyperthermia occurs when a person’s
body temperature increases above 37.5-38.3 °C (99.5-100.9 °F) without a change
in internal body temperature. When thermoregulation fails, temperatures rise above
normal. In the late afternoon, an adult’s body temperature can reach 37.7 °C (99.9 °F)
[36]. Hyperthermia is defined by an abnormally high body temperature, and at such
elevations, body temperatures if exceeding 40 °C (104 °F) can be fatal [37].

More heat is produced or used by the body than is released. When the tempera-
ture rises too high, it turns into a medical emergency that needs to be treated right
once to prevent death. The annual death toll from hyperthermia is around 500,000
[38]. When the body’s heat-regulating mechanisms are overloaded by a fast temper-
ature rise brought on by strong heat or a combination of heat and humidity, severe
drug reactions and heat stroke occur [39]. The latter is an uncommon side effect of
several medications, particularly those that affect the central nervous system. A rare
adverse consequence of various types of general anesthesia is found in malignant
hyperthermia. Additionally, a severe brain damage might cause hyperthermia. The
fact that the body’s temperature does not fluctuate distinguishes hyperthermia from
fever [40].

2.1 Types of Hyperthermia

Hyperthermia is a condition where the body temperature rises above its normal range
due to an external heat source. All forms of hyperthermia can be life-threatening if
not properly treated (Fig. 1).
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Fig. 1 Types of hyperthermia. Source created in BioRender.com

2.1.1 Heat Cramps

Excruciating muscular spasms in the arms, legs, or stomach during severe exertion,
pulse rate is usually normal or rapid, and the skin is chilly and damp. The body
maintains its regular temperature [38].

2.1.2 Heat Edema

A cutaneous ailment called heat edema is characterized by dependent vasodilator-
induced pooling edema [38]. Heat dilates or expands blood vessels, which allows
fluid from the body to fall into the hands or legs. A risk factor for heat edema is also
the body’s salt balance. The higher salt level pushes fluid into the hands and legs
if salt removal is less than usual. Older persons are more susceptible to developing
heat edema, particularly if they suffer from other medical disorders that impair their
blood flow. A higher risk of heat edema may also exist for travelers from colder
climes [41].

2.1.3 Heat Syncope

Heat syncope is fainting or light headedness brought on by overheating. The primary
sign of heat syncope is fainting, whether or not it is accompanied by mental confusion.
Peripheral artery dilatation, which results in reduced blood supply to the brain and
dehydration, is the primary cause of heat syncope [42].



5 Ferrite Nanoparticles for Hyperthermia Treatment Application 81
2.14 Heat Exhaustion

The skin might be chilly and wet. The heart rate will be quick and feeble, and the
breathing will be quick and shallow. Heat exhaustion can lead to heat stroke if left
untreated. Heavy sweat, pallor, muscular cramps, lethargy, weakness, disorientation,
headache, nausea or vomiting, fainting, and other heat exhaustion symptoms are
possible [38].

2.1.5 Heatstroke

A core body temperature of more than 40 °C (104 °F) and central nervous system
involvement (delirium, decreased level of awareness, or ataxia) are two character-
istics of heat stroke, which carries a risk of death. The body quickly heats up, the
sweating mechanism malfunctions, and the body is unable to cool down when the
body’s capacity to regulate its temperature is compromised. In 10—15 min, a body
temperature spike of 106 °F or more is possible [43]. When symptoms start to appear,
it is imperative to seek prompt medical attention due to the extremely high morbidity
and death rates associated with heat stroke. Even if the temperature returns to normal,
heat stroke can be lethal. Heat shock protein release and a heightened immunolog-
ical response may lead to intravascular coagulation and multiple organ failure. It is
prudent to plan for acute renal failure. Patients who survive heat stroke frequently
suffer from neurological dysfunction [44]. The following are some signs of heat
stroke to watch out for: body temperature of higher than 40 °C (104 °F), a change
in behaviour, such as agitation, hostility, or other odd behaviours; fainting, which
is typically a warning sign; There is no perspiration despite the heat, a strong, fast
pulse that later became slow and weak, as well as dry, flushed skin from vascular
collapse, chilly skin, abnormalities in the electrocardiogram indicate cardiac injury,
dizziness, or coma [45].

2.1.6 Exertional Hyperthermia

A physiological reaction to vigorous exercise is hyperthermia. Skeletal muscles can
consume 20 times more energy when they are operating at maximum effort. Because
the body only consumes around 25% of the energy utilized by muscles, a significant
percentage of that energy is converted to heat, which is subsequently transferred from
the muscle to the blood, increasing core temperature. Sweating and cutaneous vasodi-
lation both help to expel heat. Accustomed athletes can evaporate up to 900 kcal per
hour and create up to 2 L of sweat each hour [46]. However, environmental temper-
ature and humidity have an upper limit on the capacity of compensating systems.
Volume depletion also inhibits heat dissipation, but exertional hyperthermia is more
accurately predicted by exercise volume than by dehydration level [46].
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2.1.7 Neuroleptic Malignant Syndrome

Approximately 0.2% of individuals on neuroleptic medicines develop neuroleptic
malignant syndrome, usually during the first 30 days of treatment [47]. Among
the various phenothiazines, butyrophenones, and thioxanthenes connected to the
condition, haloperidol is the most frequently implicated. The neuroleptic malignant
syndrome is most likely caused by dopaminergic receptor blockage in the corpus
striatum, which induces skeletal muscle stiffness, inhibits hypothalamic thermoreg-
ulation, and causes autonomic dysfunction, all of which influence heat dissipation
[48].

Any patient using neuroleptic medications is at risk of developing the atypical
response known as neuroleptic malignant syndrome. Hyperthermia causes a rise in
body temperature exceeding 41 °C. Muscle stiffness, drug-induced movement disor-
ders, changed awareness, and autonomic dysfunction may appear between 24 and
72 h (labile hypertension, diaphoresis, tachyarrhythmia, and incontinence). Hemo-
concentration with increase in the number of white blood corpuscles, high concen-
tration of sodium in blood, acidosis, electrolyte abnormalities, breakdown of muscle
tissue, impaired kidney and liver function are among the laboratory findings [24].

2.1.8 Hormonal Hyperthermia

The most frequent endocrinologic cause of hyperthermia is thyrotoxicosis. Despite
having hypermetabolism, thyrotoxicosis patients typically have normal or barely
raised body temperatures [45]. Rectal temperatures of more than 40 °C are common
during a thyrotoxic crisis [49]. Because a thyrotoxic crisis is frequently preceded
by stress, all patients with this severe kind of thyrotoxicosis should be screened for
concurrent illnesses. Catecholamines, like thyroid hormones, increase body tempera-
ture. During a pheochromocytoma crisis, hyperthermia can be dangerous, especially
if increased norepinephrine levels produce hypermetabolism and cutaneous vaso-
constriction. Adrenal insufficiency, hypoglycemia, and hyperparathyroidism have
all been linked to moderate hyperthermia [49].

2.1.9 Therapeutic Hyperthermia

Traditional but unproven treatment for several musculoskeletal problems is regional
hyperthermia [46]. Despite evidence that higher temperatures in humans boost a
number of host defense systems, for a long time, fever treatment for infectious disor-
ders has been discontinued [14]. However, nasal heating for viral nasopharyngitis
is gaining popularity. Cancer adjuvant treatment using therapeutic hyperthermia is
being investigated [5]. In 17% of individuals with recurrent superficial metastases,
regional heat alone resulted in full remission and partial remissions in 23% of cases;
however, these responses are often transitory. Less study has been conducted on the
consequences of complete body hyperthermia. It is reported that medical data on the
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maximum limits of tolerance are few, despite the fact that body temperatures have
been elevated to 42.4 °C for up to four hours using a variety of methods [50].

2.1.10 Local Hyperthermia

It concentrates on relatively small tumors (3 to 5-6 cm in length) that are exposed
or in cavities of the body that are easily accessible, like the rectum or esophagus
[51]. Most frequently, supraficial, interstitial, intraminal, or intracavital applicators
are utilized to provide heat to tumors using microwaves, radio waves, or ultrasound
[51]. While normal tissue is sufficiently spared, local techniques can be used to heat
small cancerous patches. Negative effects during hyperthermia sessions are avoided
by concurrent cooling with water boluses, which maintains skin temperature at a
level of about 37 °C and ensures electromagnetic connection of the applicator to the
tissue. There is consequently less skin blistering and burning.

2.1.11 Regional or Part-Body Hyperthermia

Itis a term for heating substantial body parts, such as the abdominal cavity, particular
organs, or limbs, and is frequently applied to the treatment of well-developed tumours
found in the pelvis, abdomen (carcinomas of the cervix, prostate, bladder, colorectal,
and ovaries), or thighs (soft tissue sarcomas).

2.1.12 Whole-Body Hyperthermia (WBH)

Ahigh body temperature is supposed to kill or drug-sensitize malignant cells that have
spread throughout the body. Thermal chambers, hot water blankets, or infrared radi-
ators are utilized to attain that goal (about 41.8-42.2 °C), along with the prevention
of temperature loss and the restoration of electrolyte fluids [52].

2.1.13 Malignant Hyperthermia

Given a particular mix of sedatives and anesthetic during a medical treatment, malig-
nant hyperthermia, a genetic disease, can make you susceptible to hyperthermia.
During or after surgery, your body temperature may dangerously increase. A reac-
tion to some drugs may occur in people with malignant hyperthermia the first time
they are exposed to them, although it usually happens after multiple exposures. Anes-
thetics have an MH reaction frequency range of 1 in 10,000-1 in 250,000 [53]. It is
estimated that as many as one in every 400 people has a genetic abnormality. The
canine, equine, horse, and human populations are all at risk for developing MH.
Classic MH symptoms result from a hypermetabolic reaction and include high body
temperature, rapid heart rate, shallow breathing, increased carbon dioxide generation
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and oxygen demand, acidosis, hyperkalemia, muscle stiffness, and rhabdomyolysis.
If untreated, the condition is potentially fatal. The disease is recessive in pigs and
dominant in humans. An unregulated rise in myoplasmic calcium causes patho-
physiological changes by stimulating metabolic pathways associated with muscle
activity [43, 53]. The ryanodine receptor is usually the cause of the disease. Approx-
imately 400 variations in the RYR1 gene on chromosome 19q13.1 have been linked
to MH.CACNA1S which has less than 1% variants; however, not all of them are
causal. Muscle biopsy in vitro contracture response is utilized in diagnostic testing
[46].

For vulnerable patients receiving general anesthesia with volatile medications,
MH remains a severe risk factor. Various environmental factors and gene associ-
ated with MHS causes were identified. The reduced incidence of MH mortality and
the effect of statin medications suggest that genetic variants previously linked with
anesthetic-induced MH may now be associated with a considerably broader range
of clinical manifestations. More research is needed to determine whether long-term
mild hyperthermia therapy affects the activities of enzymes in various pathways
linked to tumor cell metabolism and proliferation, stimulates immunology factors
such as hsp70, which may activate the body’s defense mechanisms, and specifically
eliminates tumor cells. Tumor tissue’s blood perfusion might rise from 1.5 to 2 times
more under moderate hyperthermia (41-42 °C, 30 min) before the therapy.

3 Symptoms of Hyperthermia

The symptoms of hyperthermia vary depending on the type and severity of the
condition (Fig. 2).
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The skin could get red.
Irritability.

Slovene speech.
Seizures.

Quick breathing.
Nausea.

Raised heart rate.

4 Causes of Hyperthermia

There are numerous causes of hyperthermia. A key reason is spending a lot of time
in the sun. It mainly affects older persons and those who are chronically unwell
and results in raised body temperature. Increased body temperature brought on by
vigorous physical exercise in hot conditions is another cause of hyperthermia. This
could happen to someone who is not used to the temperature and engages in strenuous
activity. In hot temperatures, wearing too many clothes stops the body from perspiring
and cooling off. Hyperthermia may also result from it. Alcohol use may impact
how well the body cools. The body can become dehydrated through a lack of fluid
consumption, which can potentially cause hyperthermia. Even taking some drugs
can make you feel hot [14] (Fig. 2).

5 Hyperthermia Risk

Hyperthermia is more likely to occur in some people than others. Some of these
include: drink too much alcohol; have electrolyte imbalances in their bodies; work
in hot environments; dress tightly in the summer; struggle to sweat, cystic fibroid;
under the age of four; over the age of 65; and long-term medical illnesses (heart,
lung, kidney, or liver concerns) [54].

6 Diagnosis of Hyperthermia

A history that supports hyperthermia rather than a fever and an unusually high body
temperature is typically used to diagnose hyperthermia [2]. Most frequently, this
indicates that the individual had a heat stroke or was using a medication known to
cause hyperthermia when their temperature rose (drug-induced hyperthermia). When
determining the diagnosis, it is also taken into account whether there are signs and
symptoms typical of fever-associated infections, such as extra pyramidal symptoms
of neuroleptic malignant syndrome, which are related to hyperthermia syndromes.
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Hyperthermia is disregarded if fever-reducing medications cause a drop in body
temperature, even if the temperature does not fully return to normal [41].

7 Hyperthermia Treatment

Moving the patient to a cooler location is the first line of treatment for hyperthermia.
The temperature can be lowered by submerging the patient in cool water or applying
ice packs to their armpits, necks, or groynes. Evaporative cooling techniques can also
be used effectively. Doctors spritz the patient with cool water and blast air over their
entire body as part of this treatment. During this time, doctors may stop prescribing
any drug. The medical professional might suggest flushing the body cavity with cool
water and injecting I'V fluids.

Due to their biocompatibility and permanent magnetic behavior, nanoferrites are
widely used as top thermoseeds in biomedical applications, particularly in magnetic
hyperthermia therapies. By using dopant materials, biocompatible overlays, and
preparation techniques, the effectiveness of nanoferrites is examined. Therefore, this
chapter examined the use of nanoferrites in the management of hypothermia therapy
using nanoferrites made from various herbal preparations [8, 24, 30, 55].

8 Ferrite Nanoparticles for Biomedical Applications

Due to its use in several disciplines, notably the biomedical one where their increased
magnetic properties allow for a range of imaging, diagnostic, and treatment options,
ferrites, which are iron oxide nanoparticles, have fascinated a lot of interest lately.
The high magnetic anisotropy and biocompatibility of ferrites based on Co, Ni, and
Zn have shown potential for use in biomedical applications, despite the fact that
many other kinds of ferrites have been developed and suggested for use in a variety
of applications. There are several ways to create ferrites’ nanoparticles, including
hydrothermal sol-gel and co-precipitation. These methods produce a significant
volume of ferrite powder and are very efficient [29-31]. Spinel ferrite nanoparticles
(SFNPs) are used to purify wastewater and water sources according to the applica-
tion of ferrite nanoparticles in wastewater treatment. The ferrimagnetic materials’
magnetic and structural characteristics place a strong emphasis on green technology
to control both inorganic and organic pollutants that have been adsorbed [6, 56-58].
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8.1 Control of Hyperthermia with Herbal-Based
Nanoparticles (NPs)

In order to cure hyperthermia, which can occasionally be fatal, there are many herbal
therapeutic options. Our nature is full of so many herbals as hyperthermia may some-
times be life-threatening; there are several herbal-based therapy options available.
Our environment is rich in medicinal plants. These days, scientists who study in the
fields of molecular biology and nanotechnology are discovering the highly efficient
therapeutic modalities based on nanoparticles for a very long period and have strong
penetrating powers.

Combining herbal medicine with chemotherapy or radiation therapy slows the
growth of tumors, makes conventional cancer therapy more effective, protects healthy
cells after conventional therapy, maintains immunological function, and lessens the
negative effects of conventional therapy. In a prospective, randomized, controlled,
multicenter research, patients with advanced lung cancer who received traditional
Chinese herbal medicine in addition to chemotherapy fared better than those who
received chemotherapy alone in terms of progression-free survival (PFS) [40].

Hydrothermal treatment in the presence of medicinal cotton was used to construct
MFe,04 M = Co, Fe, Mn) molecules. For each mixture, two sets of nanoparticles
were created and characterized by using XRD, TEM, and SEM. The nanoparticle
formed from the solution has the predicted spinel structure having various mean
diameters (below 16 nm) [18] which was preserved in CoFe,O4. NP produced by
hydrothermal synthesis in the presence of cotton performs well in hyperthermia [59].

Nanoparticles of Zn-doped CuFe, Q4 were synthesized using a plant extract (NPs).
Nanoparticles were characterized with a variety of techniques and thermal gravi-
metric analysis. On macrophage, healthy cells, and A549 lung cancer cells, Zn-doped
CuFe,04 NPs were tested for their cytotoxicity and anticancer properties [60].

Zn-doped CuFe, 0, is a multi-metallic material with good application and biocom-
patibility explored for the management, diagnostics of malignancies and communi-
cable disorders. Furthermore, these nanomaterials with distinct optical and magnetic
characteristics have been found to be appealing candidates for catalytic applications
[61]. Patients with pancreatic cancer had a 4.5-month increase in median overall
survival (OS) when traditional therapy was combined with herbal medications like
Xiang-sha-Liu-Jun-Zi-Tang and herbal Hedyotidis diffusa. Furthermore, individuals
with inoperable hepatocellular carcinoma had a superior median OS of 3.3 months
following trans arterial chemoembolization (TACE) with herbal medicine granules
[61].

The size and thermal behavior of magnetite nanoparticles have been biofunc-
tionalized for use in hyperthermia applications. The green synthesis plays a part in
managing and treating hyperthermia [63]. Superparamagnetic cobalt-zinc ferrites’
nanoparticles have been used for green production, structure, cations’ distribution,
and bonding properties for Pb(Il) adsorption and magnetic hyperthermia applica-
tions. It has been reported that Stevioside as a novel biosurfactant along with magnetic
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nanoparticles shows a great potential and is used for the treatment of hyperthermia
[48].

Covering the nanoparticles with the biosurfactant enhances the retention period
of the nano-magnets in glioma cells in addition to improving cellular absorption
of the nano-magnets [64]. Additionally, studies using rat C6 glioma cells in vitro
revealed that the stevioside coating significantly enhanced calorimetric hyperthermia
activity through particle size reduction, which is essential for magnetic hyperthermia-
mediated cancer treatment, as reported in all previous studies [3, 22, 23, 31].

Colon cancer cells are eliminated through the green manufacture of Fe;O4 NPs
utilizing a low-cost stabilizer made from a polyphenol-rich plant waste extract known
for antioxidant and anticancer properties [65]. Crude extract from the fruit peel of
Garcinia mangostana is used as a green stabilizer at various weight percentages
(1, 2, 5, and 10 wt%) to easily produce Fe;O4 NPs. Following a magnetic hyper-
thermia analysis of the samples, an in vitro cytotoxicity assay shows a brand-new
stabilizer for the biosynthesis of Fe;04 NPs with desired physiochemical proper-
ties for potential use in the treatment of colon cancer and magnetic hyperthermia.
A low-cost stabilizing and capping ingredient, G. mangostana fruit peel extract,
enhances the colloidal stability and physiochemical characteristics of the Fe;O4 NPs
for prospective hyperthermia therapy and anticancer therapies [66].

Green production of metal nanoparticles, ZnO.NPs utilizing plant extract
from Deverra tortuosa showed excellent potential. ZnO.NPs were constructed by
employing an environmentally friendly extract of D. tortuosa aerial parts as a
reducing and capping agent. Plant extract shows promising anticancer effect in vitro
against two cancer cell lines (human colon adenocarcinoma “Caco-2” and human
lung adenocarcinoma “A549”), and the synthesis of ZnO.NPs was confirmed (WI38)
and tested against two different cancer cell lines, which showed extremely high levels
of selective cytotoxicity both in the aqueous extract as well as in ZnO.NPs [67]
(Fig. 3).

Plant extracts’ uses in the green synthesis of silver nanoparticles are preferred due
to its convenience, versatility, and easiness. Caesalpinia pulcherrima leaf extract is
used to create silver nanoparticles (AgNPs). AgNPs demonstrated significant antibac-
terial action under controlled conditions [68], especially against Gram-negative
bacteria. There are ample of studies which are advocating the beneficial effects of
the nanoparticle against the bacterial and viral infections. The cytotoxicity impact
was dose-dependent, and a genotoxic analysis showed that at lower concentrations,
the substance was not toxic.

When paired with docetaxel, irinotecan, gemcitabine, or oxaliplatin, mild-
temperature hyperthermia has a synergistic effect on tumor growth. This outcome
might potentially be the consequence of processes that ensure the tumor’s vascular
perfusion so that chemotherapy medications can be given more effectively and
with less drug resistance. Herbal medicine pill manufactured from the plant Rhus
verniciflua is used for detoxifying, treating blood stasis and masses.
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Fig. 3 Herbal-based nanoparticles’ scheme for the treatment of hyperthermia [62]. Source created
in BioRender.com

By stimulating apoptosis, blocking angiogenesis, and inhibiting proliferation,
Rhus verniciflua showed its anticancer activity in cancer cells. NPs and hyper-
thermia can be used to treat cancer; the heat produced by the latter can occasion-
ally damage healthy tissue when combined with strong chemotherapy. As an alter-
native to chemotherapy, plant-based herbal remedies and their combinations with
hyperthermia can both slow the growth and clearance of tumors.

9 Conclusion

Nanoferrite proves to be beneficial for the hypothermia treatment. While mild-
temperature hyperthermia enhances blood circulation and reoxygenates the tumor,
high-temperature hyperthermia mostly induces hypoxia by directly injuring the
tumor’s blood vessels and triggering death. Combining it with radiation therapy,
which behaves differently from high-temperature hyperthermia in its manifesta-
tion, may increase radiosensitivity by maintaining tumour vascular perfusion while
suppressing DNA repair in the malignant tumour. The vasculature of a tumor is poorly
structured and typically devoid of smooth muscles, making it very heat-sensitive. The
damage from the angiogenesis would cause tumor cells to starve. Despite the exis-
tence of numerous significant reasons to lower body temperature, the comfort of the
patient is rarely one of them. Contrarily, bodily cooling typically results in more
discomfort than hyperthermia. Future treatments for hypothermia will be beneficial
from the formulation of nanoferrites in conjunction with green therapy.
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Chapter 6 ®)
Ferrite Nanoparticles oo
for Telecommunication Application

Shiv Kumar and Ragini Raj Singh

Abbreviations

SNPs  Spinel Ferrite Nanoparticles

PCB  Printed Circuit Board

EMI  Electromagnetic Induction

VCR  Video Cassette Recorder

1IEC International Electrotechnical Commission
SMD  Surface Mount Device

DSL  Digital Subscriber Line

THD  Total Harmonic Distortion

RFI Radio Frequency Interference

1 Introduction

Because of their higher resistivity, lower cost, easier availability to production, and
greater magnetization qualities, ferrites are observed as superior magnetic mate-
rials over pure metals. They are widely employed in radar, audio—video and digital
recording devices, bubble devices, memory devices of computer, satellite commu-
nication devices, and microwave equipments [1, 2]. The ferrites are widely used
ranging from microwave to radio frequencies. The examples of ferrite usages include
antenna cores in radio receivers, flyback transformers in TV picture tubes, and broad-
band transformers The other examples are mechanical filters, ultrasonic generators,
moderators, phase shifters, and isolators. Ferrite is now utilized in computers, control
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devices, and telephone exchanges. In case of antennae use in radio and television, the
wavelengths associated are large in magnitude. The antennae would also need to be
rather huge in order to match these wavelengths. However, antennae constructed of
ferrite magnetic material can be quite small since magnetic materials have capability
of focusing the received signal or electromagnetic wave to a significant factor. The
issue becomes important when it comes to small portable radio or television sets.

Soft ferrite and hard ferrite are two familiar types of ferrite. Soft ferrite type of
magnetic material is utilized as a transformer core primarily for electronic systems
used in television, computers along with other industrial applications. Permanent
magnets are made of hard ferrites and found their most usefulness in loudspeakers and
micromotors. The high-frequency range should make use of the low-loss polycrys-
talline ferrites. The crucial technological characteristics for low- and high-frequency
applications are saturation magnetization (MS), coercive force (HC), initial perme-
ability I, and losses for applications with exceptional performance and characterized
by initial permeability. In general, the ideal mix of these traits cannot be obtained for
any given application. Most parameters for each given application can be controlled
by adjusting compositions, adding additives, or changing preparation methods.

2 Properties of Ferrites Used in Telecommunication
Applications and Their Tuning

Spinel ferrite nanoparticles (SNPs) have unique structural, electrical, magnetic, and
optical capabilities that are advantageous for human technology. They have a general
formula MFe,04, M being one or more divalent metal cations such as Fe2t Zn?t,
Ni2*, Co?*, Bi%*, from transition metal ions to heavy metal ions. These SNPs have
continuously maintained their importance for the last two decades by establishing
themselves as suitable candidates for telecommunication applications due to their
amazing magnetic properties, high resistivity and operating on a wide range of
frequencies (from hundred Hz to GHz) [3, 4]. However, the properties of SNPs
strongly depend upon the synthesis methods, selection of material compositions,
and annealing temperatures [5, 6].

Comparing magnesium nickel ferrite (Mg,N;_,Fe;O4) nanoparticles to other
doped ferrite materials, they exhibit higher magnetization (Ms), lower coercivity
(Hc), and appropriate structural stability [7]. Furthermore, combined with good
chemical and elastic stability, iron oxide NPs in some circumstances have Ms that
are even greater than the most well-researched and recently available iron oxide NPs.
With Fe** ions occupying the tetrahedral A-site and Mg?* and Ni>* ions occupying
the octahedral B-sites, magnesium nickel ferrites have an inverted spinel structure
[7, 8].
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2.1 Elastic Parameters

The structural stability of ferrites plays an essential role in their use in the telecom-
munication industries. The substitution of tetrahedral or octahedral ions in ferrite
lattice shows changes in the interatomic forces and the force constant. This results
in variation in the stiffness constant C;;, C;, and elastic moduli Y, Bulk’s modulus
B, and shear modulus G [7]. In synthesis of materials and their industrial applica-
tion as electrical and electronic materials, such elastic qualities may be crucial in
overcoming physical stress [9]. Elastic properties of ferrites can be tuned by doping
and altering annealing temperature during the synthesis of ferrites. For example,
in magnesium, nickel ferrites annealed at two different temperatures of 900 and
1100 °C are observed to lose coercivity at 1100 °C compared to 900 °C; secondly,
these ferrites gain elasticity at higher annealing temperatures [7].

2.2 Magnetic Parameters

The critical magnetic parameters used in telecommunication are saturation magneti-
zation, coercivity, and hysteresis. The primary use of ferrites in the telecommunica-
tion industry is in the form of the core of transformers and antennae. The ferrites used
should exhibit super-paramagnetism, i.e., low value of coercivity and high value of
saturation magnetization. These properties can be tuned via annealing temperature.

Magnesium nickel ferrite (Mg,Ni;_,Fe,O4, x = 0.1875, 0.3125, and 0.4375)
nanoparticles are synthesized using the aqueous sol-gel method and annealed at
900 °C. The M—H curve for MgNi ferrite NPs for two compositions 0.1875 and
0.4375 is shown in Fig. 1.

The magnetic susceptibility is found to decrease with increasing Mg ion compo-
sition. Magnesium nickel ferrite (MgNiFe,O,4) nanoparticles synthesized using the
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Fig. 1 M-H curve for Mg, Nij_,Fe,O4, x = a 0.1875 and b 0.4375 annealed at 900 °C annealing
temperature [6]. Reprinted with permission from Springer Nature
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Table 1 Elastic parameters—bulk modulus (B), shear modulus (G), and Pugh’s ratio (B/G)—and
magnetic parameters—saturation magnetization (M) and coercivity (H.) of MgNi ferrite NPs at
900 and 1100 °C annealing temperatures

Annealing Bulk’s Sheer modulus | Pugh’s ratio | Saturation Coercivity
temperature | modulus (B) | (G) (B/IG) magnetization | (H.)

(°O) (M)

900 66 63 1.06 28.97 137

1100 73 59 1.23 27.52 115.2
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Fig. 2 M-H curve for MgNi ferrite NPs at a 900 °Cb 1100 °C annealing temperatures [7]. Reprinted
with permission from Elsevier

aqueous sol-gel method and annealed at 900 °C and 1100 °C were studied for their
magnetic characteristics and are shown in Table 1 [7].

The saturation magnetization rises with annealing temperature, and coercivity is
found to decrease. The M—H curves for MgNi ferrites’ nanoparticles annealed at 900
and 1100 °C are shown in Fig. 2 [7].

The magnetic parameters can be tuned to over desired values by two means firstly
by varying composition and secondly by annealing temperature. By accounting for
the various ratios of iron content in chemicals, magnetic nickel ferrite nanoparticles
(MNFENPs) can be tailored for a variety of technological applications in terms of their
particle size, shape, and magnetic properties [10]. Using a straightforward and eco-
friendly sol-gel method with water as the solvent, ferrite nanoparticles with metal
doping-tunable magnetic characteristics were effectively created [11]. The case study
used cobalt and zinc to dope the ferrite NPs. It was observed that with increasing
cobalt and zinc concentration, saturation magnetization decreased, but coercivity in
both the cases was not found to change as shown in Fig. 3 [4].

For another instance zinc manganese ferrite nanoparticles, saturation magneti-
zation is found a function of annealing temperature as shown in Fig. 4 [12]. Here,
saturation magnetization for Zny3Mng;Fe,O4 ferrite nanoparticles is measured at
different temperatures 5-300 K, and saturation magnetization decreases with rise in
temperature.
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3 Telecommunication Applications of Ferrites

In recent electronic communication system, the square-loop ferrite core is almost
a new significant switching component. Ferrites have found several essential appli-
cations in the field of telecommunication as filters, beads, broadband transformers,
etc., discussed in detail below.

3.1 The Square-Loop Ferrite Core as a Switching Element

Square-loop cores’ potential for usage as switching and storage components has
long been understood. The occurrence of positive or negative magnetic remanence is
feasible by passing a current pulse through a winding, a core can be made to. Counting
circuits and shift memory were the first products which are identified to use square-
loop ferrite cores. Delay circuits are occasionally connected between the successive
phases; however, diodes are generally used to prevent retroaction. However, it is
possible to use transistors in place of diodes. With transistor-based amplification,
the drive pulse power may be relatively modest, but the counting circuit’s output
power may be significantly higher [13]. There are various ferrites with square loops.
Familiar among them is nickel ferrite (NiFe,O,4) as shown in Fig. 5 [14].

3.2 Filters

LC filters are devices with one or more ferrites or chokes acting as inductive elements
and one or more capacitor elements with a paper, plastic film, or ceramic dielectric
combined. The ceramic capacitor type is called a feed-through capacitor, and one
terminal is made up of the casing, soldered or bolted to the chassis. SMD variations
are another option. Additionally, RC filters exist in which a series resistance and a
metallized paper (MP) capacitor are coupled. A metallization alloy with increased
resistance frequently makes up the resistor element. Arc suppression is the primary
application for RC filters.

3.2.1 Ferrite Filters

Ferrite is a ceramic substance made of iron oxide and nickel, zinc, and manganese
compounds. High-frequency electrical disturbances can be reduced and dissipated
using ferrite filters and electronic components based on ferrite. These filters are effec-
tive at lowering EMI in electromagnetic equipment and circuits. Most power supplies
and electronic devices emit electrical noise or EMI. Switching power supplies and the
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Fig. 5 Hysteresis loops of a Ni Fe;O4, b CoFe;04, ¢ CoNiFe;O4 [14]. Reprinted with permission
from ACS

noise in communication networks produce high-frequency harmonics. These intru-
sive signals degrade quality by interfering with circuit signals. Ferrite cores, ferrite
beads, and core inductors are a few examples of ferrite filters. Ferrite beads or rings
are often used as filters in electrical circuits. They function as low-pass filters to stop
high-frequency signals from entering a course. Ferrite cores or ferrite sleeves are
widely used in cables for EMI suppression. Switching power converters also employ
ferrite core inductors as filters. In the following sections, we will go into greater
detail about ferrite core inductor filters, ferrite bead filters, and ferrite cores.

3.2.2 EMI Line Filters and Their Roles in Electrical Devices

The use of electrical devices in daily life is steadily expanding as consumer spending
rises all around the world. Electronics are used in all aspects of life, whether in
telecommunications, entertainment, networking, medicine, power conditioning, or
information technology. However, did you know that these gadgets produce electro-
magnetic fields that cause outside interference in radio frequencies? In order to get rid
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Fig. 6 EMI power line filter
(CCBY-NC2.0)

of this, line filters, also known as EMI filters or RFI filters, were created. They assist
in reducing the amount of Electromagnetic Interference (EMI) and Radio Frequency
Interference (RFI) in the power and signal lines. They then send out pure signals to
ensure the electronic devices work as intended. For example, a power line filter is
shown in Fig. 6.

In professional settings like industrial, health care, and ITE, using a modular
AC line filter integrated into a connector or as a chassis mount item is a usual
practice for AC mains-powered equipment. The apparatus often includes a power
supply or embedded AC-DC converter. This power supply may be rack- or PCB-
mounted, as well as chassis-mountable. In every situation, the power supply will
always meet the legal standards for emissions as a standalone component, typically
EN55011/EN55032, for conducted and radiated interference.

Role/Functions of the Line Filter in Switching Power Supplies (SPS)

The EMI line filter blocks any unwanted current from passing through cables or wires
while allowing required currents to flow freely. In addition, they stop electromechan-
ical switches from generating an excessive peak voltage at the mains input that could
damage the electronic control circuit. Contrary to what one might anticipate, filters
work to lower the number of interference factors so that they are controllable. They
are also referred to as EMI power line filters since they can reduce grid power noise.

Applications of the Line Filter

1. Home appliances, computers, military and aerospace systems, medical equip-
ment, vehicle battery chargers, and energy management systems are just a few
examples of applications for EMI line filters.

2. All of the machines mentioned above produce electromagnetic interference. In
addition, line filters are becoming increasingly necessary, especially in residential
appliances, to reduce noise. Machine interference is sometimes permissible in
industrial settings, but rigorous rules are in place in domestic locations.
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Importance of Line Filters

Because modern power conversion circuits employ high-frequency switching tech-
niques, EMI power line filters are necessary. In order to lessen harmonic noise caused
by quick variation in voltage and current from devices such as Switch Mode Power
Supplies (SMPSs), inverter devices, various rectifiers, EMI filtering devices must
adhere to the emission requirements established in the variety of international and
military EMI standards. An EMI power line filter minimizes noise already on the
power distribution system from entering equipment while also reducing harmonic
energy propagating out onto the power distribution system. It needs an understanding
of filter impedances and how they interact with circuit impedances over a wide
frequency range to design an EMI power line filter. However, the installation and
mounting details can equally affect the efficiency of an EMI power line filter. Elec-
tive compatibility can improve power systems to be more interference-resistant, have
longer lifespans, and guarantee user safety. EMI line filters are essential to ensuring
that the power systems have excellent electromagnetic compatibility (EMC). The
quality of electronic components is assessed using the EMC indicator. Globally, its
importance is rising quickly.

Experienced equipment designers know that using only compliant components
does not ensure that an end product will pass an EMC compliance test. There are
numerous causes. For instance, compliance tests on an AC-DC converter for equip-
ment are carried out under exact circumstances, such as expected AC line impedance,
output loading, cable length and routing, and part position concerning ground. These
variables change when an end product is tested with this AC-DC converter installed
internally, resulting in a different and frequently worse conducted EMI signature. On
power cabling, radiated EMI from other components can also be picked up, raising
conducted levels.

Structure of the EMI Line Filters

Capacitors, resistors, and inductors are used to create the passive filters known as
EMI line filters. Additionally, UT ferrite cores are a crucial component of them. The
electromagnetic signals are separated using them. As a result, the filters reduce EMI
interference from the AC while transmitting AC to the power supply. In addition,
they successfully reduce the EMI noise produced by power supplies. It helps to
stop interference from entering the AC power system and affects how well electrical
gadgets function.

Selection of EMI Line Filters

When choosing the EMI line filters, three factors must be considered: voltage and
current, size and construction, and insertion loss. The environment in which the filter
is used is not a significant consideration because it is typically potted. However, the
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line filter’s environmental characteristics are influenced by the temperature of the
potting materials and filter capacitors.

To provide a baseline for the conducted emissions, it is even preferable if the
power source to be filtered has passed preliminary EMC testing. The test findings
will provide the manufacturer with information on the frequency and severity of the
product failures. This information can be compared to the insertion loss of the EMI
filter to see whether it provides adequate attenuation at frequencies where it failed
the test.

It is better to measure system performance without a filter installed before deter-
mining how much more attenuation is necessary from an external filter to achieve
standards. The attenuation curves in filter data sheets will hint at the filter’s perfor-
mance, but keep in mind that the datasheet performance is based on tests conducted
under specific conditions, typically 50-€2 source and load impedance. Although a
line impedance stabilizer network (LISN) can be used to standardize the AC source,
the application load will probably be substantially different from the test conditions
shown on the datasheet. It must ensure that all failed or marginal frequencies will be
muted because attenuation across the frequency range varies.

3.2.3 Ferrite Cores and Ferrite Core Inductor Filters

Noises from EMI can affect cables. Cables can be a source of electrical noise and
high-voltage spikes if not installed and appropriately protected. Without protection,
voltage spikes and EMI can break down associated circuits or devices or harm hard-
ware. The best choice for noise reduction in cables is ferrite cores. Ferrite cores
(Fig. 7) can minimize noise levels and common-mode currents in electrical equip-
ment because of their high magnetic permeability, low high-frequency loss, and
low conductivity. They contribute to the performance improvement of power supply
cables and make them perfect for various electrical applications. The installations of
ferrite core filters can be EMI-shield cables. The efficiency of the ferrite filter varies
depending on the type of ferrite core filter and when and where it is installed. Cables
with ferrite cores cannot serve as antennas and cannot emit EMI noises as a result.
Ferrite cores typically function as cable shields or EMI suppressors because they
provide affordable filtering.

Either common-mode noises or differential noises occur in switching power
converters. Inductors and capacitors are used to create LC filters, which are used
to reduce the noise or EMI produced in switching power converters. To get the
required filter attenuation properties of an LC filter, it is crucial to build the filter
inductor. The magnetic or core materials must be employed for the inductor design
to provide the appropriate filter attenuation properties.

Advanced modems are used to accelerate data transfer over standard (twisted pair)
copper telephone lines in the emerging new telecom technology known as Digital
Subscriber Line (DSL). Magnetic components built on ferrite cores perform several
tasks in these DSL modems, including isolation, impedance matching, high-pass
filtering, and low-pass filtering. To achieve the criteria on THD and insertion loss for
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Fig. 7 Ferrite core

DSL wideband transformers, this application note shows how ferrite cores should be
used.

Ferrite core inductors are common-mode or differential-mode filter inductors with
their coils wound on a ferrite core. When utilized as filter inductors, ferrite core
inductors are incredibly effective. They do a great job of eliminating EMI and high-
frequency spikes from signals, enhancing the output quality and performance of
the converter. Ferrite core inductors are widely used for switching power converter
filtering applications because they are inexpensive, have low losses, and come in
various forms with ferrite cores.

The installation location affects the choice of ferrite filter. Ferrite beads are the
most significant filters for reducing sounds that are transmitted over PCB traces. In
addition, ferrite cores are effective at lowering cable EMI. Several solutions could
be available in a given application for a particular filtering need. One can design,
simulate, and analyze the circuit with many filter options using Cadence’s PCB design
and analysis software to see which one performs best.

Ferrite cores perform differently in terms of decreasing electromagnetic inter-
ference depending on the materials and shapes employed because different mate-
rials have varying magnetic permeability and, consequently, different impedances.
Utilizing ferrite materials also impacts the proportion of reactance to resistance.
However, the ferrite core features frequently apply without regard to the ferrites.

3.3 Ferrite Beads

A wrapped coil and two terminals are the components of ferrite beads. Ferrite material
typically consists of ceramic compounds with iron oxides combined with nickel, zinc,
and manganese. Ferrite beads are shown in Fig. 8. Some varieties of ferrite chokes
are ferrite beads. Another name for a ferrite bead is a ferrite clamp. It is a passive
device intended to reduce high-frequency signals on a power supply line and enhance
the power quality of your PCB.
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Fig. 8 Ferrite beads (CC
BY 2.0)

They are often positioned close to a power supply and ground line pair coming
into a particular device. A good illustration is the laptop’s power wire. In principle,
any DC will result in a voltage drop proportional to the DC resistance through the
ferrite bead. Ferrite beads are low-inductance ferrite inductors with low parasitic
capacitance. They function more like a lossy inductor and lack any undesirable
resonances.

Ferrite beads have poor qualitative attributes and a high self-resonant frequency.
Ferrite beads provide high impedance in the RF and VHF frequency bands. Ferrite
beads behave more like inductors in high-frequency applications than coil inductors
if their resonance frequency is higher than the system frequency. When the resonance
frequency is near a signal or system frequency, the ferrite beads behave like resistors
and produce heat. Power loss from heat energy produced by ferrite beads in a circuit
eliminates EMI noises. For EMI mitigation, ferrite beads are widely utilized in high-
speed PCBs. At high frequencies, the PCB traces act as antennas. Using ferrite beads,
the traces on a circuit board can lower EMI emissions and absorption.

4 Signal Transformers

In electronic devices, signal transformers are employed as a step-up/step-down,
isolating, or impedance matching component. Signal transformers are typically not
suitable for use with power transformers, which transport current, and vice versa.
Typical electronics applications, such as telecommunications, radio frequency (RF),
audio, video, and general-purpose purposes, all employ signal transformers. A trans-
former typically consists of two wire coils that are wrapped around a core; these coils
are referred as the primary and secondary coils and are separated from one another
by a medium like air, water, or metal. Typically, the primary coil is attached to a
source that provides electricity or another signal. This signal causes an electromag-
netic field and a voltage in the secondary coil when it is applied to the primary coil.
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Fig. 9 Symbolic diagram of
broadband transformer Ferrite Core

<g= Flux Linkage
Flux Leakage

Depending on the design and intended use of the device, a transformer can attenuate,
boost, or simply isolate the applied signal based on the number of windings per coil.
A symbolic diagram of signal transformer is shown in Fig. 9 which magnetic flus
linkage and flux leakage are clearly shown.

The magnetic field, depicted by magnetic flux lines, travels along the direction
with the least magnetic resistance (reluctance). Therefore, the first winding’s flux
does not entirely pass through the second winding. Leakage flux is the flow of current
that does not join the two windings and wastes energy. Other energy losses like those
in the transformer’s core and windings also lower its efficiency, but we would not go
into depth about them in this article. Reduce the distance between the two windings
or stack the windings on top of one another to lessen the flux leakage. More of the
flux may link both windings when the windings are correctly configured, which also
reduces losses.

4.1 Broadband Transformers

Energy can be transmitted over various frequencies using magnetic devices referred to
as “broadband transformers.” They are wound on ferrite cores such as toroidal cores
due to their improved permeability, higher efficiency, excellent RFI performance,
good frequency responsiveness, and lack of leakage magnetic flux. Broadband trans-
formers are designed to operate in various frequencies, each of which has a distinct
one or more frequency ranges for X; or X ¢. Use high-permeability ferrite cores with
tiny windings to provide the appropriate MF and HF spectral response for this. The
core becomes evident to the circuit as the operating frequency rises. These trans-
formers are widely used in low-power applications, such as telecommunications’
equipment. The ferrite winding is only operating at its maximum efficiency during
this period. The core can be seen via the circuit if you can see the lower frequency
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range. It enables the winding to generate the necessary inductance in the operational
range’s low frequency.

The shunt reactance of transformers, which rises with frequency, is a significant
characteristic. However, this only occurs if the material’s permeability is constant or
declining slower than the frequency rise. The best and most economical material for
broadband transformers is ferrites. They always have a high initial permeability at
lower cutoff frequencies and offer the highest impedance to undesired noise signals.
Typically, ferrites are chosen based on attributes like the simplicity of winding,
terminating, and specific technical design requirements of the transformer [15].

For instance, low- and medium-frequency transformer designs can use manganese
zinc (Mn—-Zn) ferrites. When these ferrites are used in broadband transformers, the
core geometry should have the lowest possible ratio of DC resistance to inductance
for a single turn. Gapped ferrite cores can regulate the decrease in shunt inductance
for transformers with an overlying direct current.

On the other hand, ferrites with a toroidal core shape are ideal for high-frequency
transformers. On the toroid, a few required turns can be damaged. But be aware that
windings with fewer turns make achieving the necessary impedance ratios more diffi-
cult. The primary and secondary windings are linked to minimize leakage inductance.
The various types of ferrite filters are described below.

4.1.1 Low- and Medium-Frequency Broadband Transformer

The most appropriate ferrite material for broadband transformer applications is one
having the maximum initial permeability at low cutoff frequency levels. For low- and
medium-frequency broadband transformer designs, Mn—Zn ferrites, namely Fair-
Rite 77 or 78 material, show a great option. The most important transformer char-
acteristic, i.e., shunt reactance (OL) shows an increase with frequency when the
material permeability remains constant or found decreasing at a rate slower than the
increase in frequency and holds good even if a transformer is made of manganese
zinc ferrite, where frequency is situated at the upper end of the flat zone of the perme-
ability of ferrite material vs. its frequency curve. The bandpass characteristics would
not be greatly altered even though the full bandpass is located in the region where the
initial permeability is showing decreasing trend. Reduce the R/L ratio by designing
the core shape of broadband transformers utilizing manganese zinc ferrite material.
Alternatively stated, the dc resistance-to-inductance ratio for a single turn needs
to be as low as possible. The International Electrotechnical Commission’s list of
pot cores in document IEC 60,133 is based on this minimal R/L ratio. Additionally,
multiple core forms can be used to create these broadband transformers. The trans-
former’s mechanical design constraints and other criteria, such as the simplicity of
winding and terminating, frequently have an impact on the final core choice.
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4.1.2 Broadband Transformer with a Superimposed Static Field

To avoid the reduction in shunt inductance, gapped cores can be employed in trans-
former designs with a superimposed direct current. Inductive direct current devices
can be made with the use of Hanna curves. More information is provided in the
section titled “The Effect of Direct Current on the Inductance of a Ferrite Circuit.”

4.1.3 High-Frequency Broadband Transformer

The frequency ranges are not separated; however, for the sake of this study, it is
considered that nickel—zinc ferrites are the preferred core material for high-frequency
broadband transformer designs [16]. Typically, this occurs with transformer designs
whose bandpass frequency is more than frequency of 500 kHz. This gains importance
at these higher operating frequencies to consider the complex magnetic properties of
the ferrite core material rather than employing the simple core material’s constants
recommended for low-frequency systems. Low shunt impedances are also crucial
in these systems since transformers operable at high frequency are frequently found
usability in circuits having low impedance. The design approach of decreasing R/L
is no longer required because winding resistances are typically overcome with only
a few spins. Instead, the design will focus on the shape and composition of the core
to achieve the required shunt impedance at /' and reduce the leakage inductance of
the winding. When building high-frequency broadband transformers, it is important
to take into account the material’s permeability and losses, which have an impact on
the shunt impedance. The following materials, coiled in a single turn through both
holes, 73, 43, 61, and 67, are measured on the same 28—002,302 multi-aperture core.
For high-frequency broadband, the toroidal core geometry is preferred. It is crucial
to consider the material’s permeability and losses while constructing high-frequency
broadband transformers because they have an effect on the shunt impedance. It is
preferred to use a toroidal core geometry for high-frequency broadband. This core
shape will result in a transformer design with broader bandwidth as it has a shorter
single-turn winding length than the same toroidal core of core constant C. Nickel
zinc ferrite toroid has been successfully used in the design of numerous broadband
transformers. Multi-aperture Ni—Zn ferrite cores must be considered if bandwidth
requirements cannot be satisfied using toroid.

4.2 Power Conversion Transformers

Broadband transformers and filters for telecommunications and power converters
are the principal applications for ferrite cores. However, various applications have
different demands on a material’s qualities, and as a result, other ferrite material
compositions are employed.
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Fig. 10 Power transformer
(CCBY 2.0)

Although the quality of commercially available ferrites has steadily increased,
several exceptional features reported from laboratories for a long time are still
unavailable due to financial considerations. A typical picture of a power transformer
is shown in Fig. 10. Compromises are frequently necessary as the best qualities
cannot all be presented in one substance simultaneously. For ferrites, it is crucial to
design new core types and coil formers that allow for autonomous handling. While
there are many different core types for power converters, there are relatively few
other material qualities.

In the telecommunications industry, ferrite—core inductors are frequently
employed to provide accurate levels of inductance in LC filters for frequency-
division multiplexers. A ferromagnetic material and an electromagnetic field interact
non-reciprocally to form microwave ferrite devices. Tens were employed exten-
sively in manufacturing high-voltage flyback transformers and TV tube deflection
yokes. The technology of ferrites has gained increased significance over the last few
decades. Along with introducing new technologies like radar, satellite communi-
cations, memory, and computer applications, there has also been a parallel expan-
sion of the consumer markets for radio, television, VCRs, and finally, the internet.
Ferrites’ specifications have changed as the needs have. High-frequency switching
mode power supplies were required to power computers and other digital devices
as they transitioned from older analogue circuitry to more modern digital ones. In
addition, ferrites have a significant market in the automotive sector, most recently in
hybrid vehicles.

5 Conclusions

With “mature” technologies such as hard magnets, magnetic recording, and
microwave devices, ferrites are well-known materials that have been studied and used
for more than 50 years. However, the improvements in fabrication and application
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technologies during the past ten years have been striking. While bulk ferrites remain
an important class of magnetic materials, applications for nanostructured ferrites
appear to be dramatically wider than those for bulk ferrites. The low cutoff frequency
is primarily responsible for influencing one’s choice toward selection of ferrite mate-
rial. The Mn—Zn ferrites can be used in applications requiring a cutoff frequency of
500 kHz. Low- and medium-frequency transformers should have the core shape with
the smallest DC resistance relative to the inductance. Using gapped cores and Hanna
curves is advocated if a superimposed DC is present. For the requirement of high-
frequency designs, nickel zinc ferrite is used. The toroidal and multi-aperture core
topologies are advised. To minimizing the leakage inductance and self-capacitance of
the windings, the number of turns should be reduced to a minimum possible number.
Reduce leakage inductance by winding the primary and secondary windings in a
bifilar or strongly linked configuration.
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Chapter 7 ®)
Role of Ferrite Materials in Renewable G
Energy Harvesting

Surinder Paul, Bandna Bharti, and Rajesh Kumar

1 Introduction

1.1 Ferrite Materials

Ferrites are ceramic compound made of iron oxide (Fe,O3) which associated chem-
ically with additional one or more metallic elements such as Barium, Strontium,
Nickel, Manganese, Zinc, or other compounds [1]. They have an important ferro-
magnetic character, and therefore can be attracted to a magnet or magnetized as well
as are nonconductive electrically. Ferrites are hard as well as soft in nature. Hard
ferrites have high magnetic coercivity whereas soft show low value of magnetic coer-
civity. Hard ferrites always used to make magnets, small electric motors, refrigerator,
and loudspeakers due to its high value of magnetic coercivity whereas soft ferrites
because of its low magnetic coercivity used to make ferrite cores for transformers,
inductors as well as for various microwave components in electronics industry. Soft
as well as hard ferrites are frequently collective with core/shell nanostructures in
order to improve their different properties [2]. Ferrites are technologically impera-
tive materials which show three crystalline structures, first spinel’s (AB,04), second
garnet (A3Fes0),), and third magneto plumbite (AFe,09) in which A and B are ions
of metal. Spinel ferrites is one of the simplest structure among these which primarily
determined by the oxygen ion lattice. Figure 1 showing unit cell of spinel’s structure.
The oxygen anions in the structure are packed in FCC arrangement which contributes
two types of interstitial voids between a sites tetrahedrally coordinated anions and
B sites octahedrally coordinated anions [3]. Cation’s distributions are determined by
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Fig. 1 Unit cell of spinel’s
structure. Reprinted with
permission from Elsevier

different factors like ionic radii, crystal field effect as well as Madelung energy in
spinel ferrites [4, 5].

Nanosized ferrites due to its unique properties like high coercivity, moderate
saturation magnetization, high electrical resistivity, mechanical strength as well as
high chemical stability show significant applications in the field of power electronics,
sensors, recording materials, catalysts, spintronics as well as in drug delivery systems,
etc. [6, 7]. Various properties like structural, electrical, and magnetic of the nanofer-
rite can be improved with doping of rare earth elements, transition elements as well as
nonmetals. As per requirement as well as applications, a lot of materials include silica;
ferrites, elemental carbon, Perovskites, titanium, alloys, noble metals, and polymers
may be coated on ferrites in order to get extra functionality from these materials. First
time the ferrite material was developed by Yogoro Kato and Takeshi Takei belongs
to Tokyo Institute of Technology in 1930 [8]. Ferrite material can be produced by
number of synthesis approaches. Application of the ferrite material is greatly affected
by the synthesis process. Sol-gel process, Co-precipitation, Hydrothermal technique,
Stearic acid gel method, solid-state methods are some well-known synthesis process
by which ferrite material can be synthesized.

2 Applications of Ferrite Materials in Renewable Energy
Harvesting

Environment-friendly energy harvesting devices has promoted great interest because
of the rapid increasing demand for energy solution. It presents a great challenge to our
technological future and humanity, as climate changes and environmental pollution
are related to energy production and consumption. There are numerous types of
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renewable energy sources exist in the environment that ranges from kinetic energy
to solar energy and bio-energy. Recently much attention has been paid on energy
harvesting technologies to seek energy from readily available sources like, water,
air, heat, light, vibration, chemical reaction, and human motion into useful electrical
energy for driving small scale device. In this section of the chapter, we shall carry out
a detail discussion on the role of ferrite materials in renewable harvesting materials.

2.1 Ferrite Materials Used in Solar Cell

For renewable energy, solar energy is utilized as a significant source and enormously
effective renewable resource owing to its energy performance, economic efficiency,
and its ability to be used in different places. Ferrite materials are tremendously
utilized for the fabrication of solar cell. Perovskite bismuth ferrites (BFO) on ZnO-
based solar cell have been reported first time by using chemical solution method.
In acidic and corrosive environment, ZnO has poor chemical stability therefore, in
order to provide the protective coating on ZnO nanorods, a buffer method using
amino silane have been used. After BFO coating, the amino silane coating was
removed. Here, BFO acts as a blocking layer and avoid the recombination of elec-
tron with N719 because it does not immediately sensitize ZnO to visible light. By
comparing the photovoltaic performance of ZnO and ZnO/BFO solar cell, it showed
the enhancement from 0.64 mA ¢cm~2 to 1.4 mA cm™2 and the efficiencies from
0.1 to 0.38% were also increased. The result showed that, the as prepared device
displaying improve efficiency by a factor of 4 with the increase in the value of J
and V., respectively [9]. Zinc ferrite (ZF) is also used as a working electrode in dye
sensitized solar cell (DSSC). Sol-gel method and thermal decomposition of different
precursor were used for the fabrication of ZF electrode in DSSC. Scanning electron
microscopy and field emission scanning electron emission studied revealed that, the
ZF films were homogeneous and polycrystalline in nature. In this work, the coating
of ZF was prepared by using doctor blade technique on fluorine doped tin oxide
(FTO). By comparing four different precursors used for the preparation of ZF, the
fill factor of ZF with titania thin layer as blocking layer shows maximum value [10].
In another report, auto combustion method was used for the preparation of spinel
type barium zinc ferrite via using nitrates as precursor and glycine as fuel. The XRD
study confirmed the existence of pure phase zinc ferrite and their crystallite size were
varied from 39.5 to 47.6 nm. From optical studies it was confirmed that, with the
change in the barium concentration, there was an increase in the optical band gap
from 2.42 to 2.50 eV. The highest optimal energy conversion efficiency of 0.0027%
was obtained in barium doped zinc ferrite nanoparticles which were confirmed by
J-V measurements; however, the conversion efficiency of pure zinc ferrite was about
0.0014% [11]. r-NiF (reduced graphene oxide/nickel ferrite) nanocomposites have
been reported with the help of hydrothermal method (one-pot). The as prepared r-
NiF composite was applied as a catalytic counter electrode for DSSC. The r-NiF
composite were inflexibly enfolded on rGO as conformed by HR-TEM, these results
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also, illustrate the easy transfer of the electron across the counter electrode materials.
DSSC achieved 8.41% of power conversion when r-NiF-25 sample was used as a
catalytic electrode catalyst in iodine electrolytes. Also, without encapsulation the
fabricated device sustains 88% efficiency up to forty days. Incident photon to current
efficiency of DSSC for r-NiF-25 and Pt-based catalytic electrode reached highest
absorption of 78% and 81% respectively, at 520 nm. The synergistic outcomes from
the combination of conductive graphene and active NiF structure results in high
catalytic activity of r-NiF-25 nanocomposites. These outcomes proposed that, r-NiF-
25 nanocomposites can be recommended as an auspicious candidate to substitute Pt
as a counter electrode in DSSCs [12]. Ceramic bismuth ferrite (BFO) thin film solar
cell was fabricated and worked in an out of plane mode. In this work, researcher
studied that, the above band gap voltage was actively connected to the alignment,
thickness, and orientation of the BFO thin film conferring to the bulk photovoltaic
effect, which were confirmed by XRD, SEM, and AFM studies. Oriented BFO thin
film solar cell showed 6.9 V open circuit voltage. Also, the maximum open circuit
voltage of 6.9 V heated at 500 °C on 600 nm thick cell was confirmed by the current
density voltage traces as shown in Fig. 2. These results showed the ferroelectric
behavior of the solar cell [13].

Hierarchical bismuth ferrite (BFO) and nanostructure of bismuth ferrite with
Ag,0 was fabricated by means of hydrothermal method. Different analytical tech-
niques were used to characterize the fabricated nanostructures. To fabricate DSSC,
nanocomposites were used to prepare the photo anode. The addition of Ag,O
nanoparticles with BFO reduced the recombination of photo generated charges and
improved the transportation of electrons. DSSC based on Ag,O/BFO photo elec-
trode displayed 4.25% efficiency of energy conversion and these results indicates

Current density(mA-cm™)

Voltage(V)

Fig. 2 The current density voltage traces of BFO [14]. Reprinted with permission from ACS
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that, silver oxide doping in BFO can be utilized as working electrode in DSSC [15].
Besides DSSCs, perovskite solar cell has attained much attention because of their
high efficiency of power conversion. Some research groups have used inorganic mate-
rials by replacing charge-transporting layers because inorganic materials are highly
durable, environmentally friendly and their low cost. In this work, researchers basi-
cally focus on the inorganic electron transport and hole transport layers, zinc oxide
and strontium ferrite, respectively, torise the efficacy of the perovskite solar cell. High
charge-collection ability and favorable band alignment make these materials very
promising to apply in perovskite solar cell. From computational and experimental
analysis, it was found that, the as fabricated device showed 8.83 and 7.80% power
energy conversion. By using density functional theory, interface charge transfer and
electronic properties illustrated that strontium ferrite was a suitable candidate for
hole transfer layer. To achieve the excellent performance of solar cell, the numerical
device modeling emphasized on the optimization of the thickness of hole transfer
layer (100 nm), perovskite layers (300 nm), and defect density of the absorber
(10'6 cm=3) [16]. A study revealed that, LaFeO3:TiO, nanocomposite can be consid-
ered as a prominent source of renewable energy. LaFeO3:TiO, nanocomposite was
prepared by modifying TiO,with inorganic perovskite LaFeOs which were used as
an electron transport layer in perovskite solar cell. In this study, anatase phase of
TiO, have been reported with an average diameter of approximate 18 nm and the
particle size of LaFeO3 was 55 nm. It was observed that, addition of optimum amount
of LaFeOj; to electron transfer layer decrease the charge carrier’s recombination and
charge carrier resistance. Higher performances perovskite solar cells devices were
fabricated when LaFeO3; was used in electron transfer layer. The value of V. and
fill factor was 17.05% and 77.33% as displayed by PSC device [17]. Some research
groups have implemented BiFeO3 (BFO) thin films which act as an absorber in all
photovoltaic devices. A complex solution of metal-organic precursor was used to
fabricate the thin films at 673 K in air for 2 h. Uncontaminated form of BFO with
rhombohedral structure was confirmed by XRD analysis. In this work, BFO/ZnO
heterojunction solar cell was made by solution method. Open circuit voltage of
642 mV, short circuit density of 12.47 mA/cm? and fill factor of 50.4% was deliv-
ered by BFO/ZnO heterostructures solar cell. These findings illustrated that; the
fabricated solar cell displayed a power conversion efficiency of 3.98%. Maximum
external quantum efficiency close to 70% showed by the device as shown in Fig. 3a.
Further, the time-resolved photoluminescence studied was performed, and the data
were depicted in Fig. 3b. These data were in accordance to band-to-band transitions
[18].

Some studies have reported the innovative and exceptional characteristics in the
area of optoelectronics by integrating two-dimensional materials with ferroelectric
thin films owing to their combined intrinsic attributes. Atomic layer deposition
method was used to fabricate heterostructures device (bismuth ferrite/ZnO) with
distinct electrodes to increase the power conversion efficiency. The power conver-
sion efficiency of heterostructures device was enhanced from 4.1 to 7.4% via using
graphene/tin oxide (hybrid transparent electrode). Enhance power conversion effi-
ciency is the main parameter of BFO thin films which emphasize on the importance of
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Fig. 3 a BiFeOs solar cell external quantum efficiency and b time-resolved photoluminescence,
the inset depicts photoluminescence at room temperature [18]. Reprinted with permission from
ACS

graphene as an electrode in BFO device which further implemented in optoelectronics
and spintronics applications [19].

2.2 Ferrites Materials Used in Supercapacitors

Ternary transition metal ferrite mixed with nanocrystalline (MTTMF) was composed
by sol gel approach and the composed materials were utilized as an electrode in
supercapacitors. Creation of a single-phase spinel ferrite in NiCuF, NiCoF, and
CuCoF were confirmed from the XRD analysis. The electrochemical performance
of the nanoferrite was formed in order of CuCoF > NiCoF > NiCuF as confirmed
by using impedance spectroscopy, two electrode configurations by galvanostatic
approach and cyclic voltammetry. It was found from the analysis that, CuCoF at
a scan rate of 5 mVs~! shows maximum specific capacitance of 221 Fg~'. Beside
an outstanding cycling stability, an energy density of 7.9 kW kg~!' was attained
at 1 Ag‘l. Based on these findings, it has been found that the increase electro-
chemical performance of MTTMF nanocomposites illustrated that, it can be utilized
as an auspicious electrode for supercapacitors [20]. Copper ferrite nanoparticles
connected with graphene nanosheets (CuFe,04-GN) was fabricated by using one
step solvothermal method. The method used for the preparation of ferrites also high-
lighted the reduction of graphene oxide and the development of CuFe, Q4 was sustain-
able, manageable, ascendable, and effective. CuFe,O4 nanoparticles with a diameter
of 100 nm were tightly and efficiently placed on GN. CuFe,04-GN construction
mechanism was discussed by evaluating the effect of stabilizing agent, concentra-
tion of the precursor, precipitation agent, etc. Also, galvanostatic charge—discharge
and cyclic voltameter measurement were applied to evaluate the electrochemical
properties of CuFe,04-GN composite. The as prepared composite showed good
cyclic stability, rate performance and enhanced electrochemical performance of
576.6 Fg~! at 1 Ag~!. These results showed better retention and greater specific
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capacitance of the electrode materials [21]. Some research work shows that spinel
ferrites are the possible energetic materials because of their theoretical capacity and
act as an electrode for supercapacitors. A facile hydrothermal method was used for
the preparation of CoFe,04@ graphene nanocomposite which was further worked
as a cathode material. In this study, it was found that the weight ratio of ferrites to
graphene shows a significant character in the working of the electrode. It was also
found that, when the content of graphene was 40% then the specific capacitance
could be enhanced to 579 Fg~! at 1 Ag~!. After that an asymmetrical supercapac-
itors (ASC) was developed by using Fe;O4@graphene nanocomposite as an anode
material. The as fabricated device showed a promising energy density of 45.5 Wh
at a power density of 840 W kg~!, increase specific capacitance of 114.0 Fg~! at
a working voltage of 1.7 V. High cycling stability of 91% capacitance retention
after 5000 cycles were showed by ASC device [22]. Some research groups have
fabricated manganese (MnFe,0,) nanoparticles via using a hydrothermal method,
after that the as synthesized nanoparticles were combined with nanosheets of exfoli-
ated MoS,. The combined nanoparticles and nanosheets were further used as super-
capacitors. Even distribution of MnFe,0O4 nanoparticles on a few layers of MoS,
were confirmed by transmission electron microscopy. Reduction in the band gap
of MnFe, 04 by MoS,; was confirmed by UV—visible absorption photo spectroscopy
which results an increased conductivity that is appropriate for the capacitance perfor-
mance. These results revealed that the combination of MoS, nanosheets effectively
improved the specific capacitance of MnFe,0, from 600 to 2093 Fg~! at 1 Ag™!
with power density and energy density of 213.64 W kg~', 46.51 Wh kg~!, respec-
tively. The fabricated device showed well charge—discharge cycling stability [23]. In
another study, a simple one-pot co-precipitation method was used for the prepara-
tion of manganese cobalt ferrite (MnCoFeQOy). The fabricated device, at a scan rate
of 1 mVs™! shows a maximum specific capacitance of 675 Fg~! with power and
energy densities of 337.50 W kg~!, 18.85 Wh kg™, respectively at a current density
of 1.5 Ag~!. Electrochemical impedance spectroscopy and galvanostatic charging-
discharging was used to examine the cyclic stability of the prepared materials. It
was found that, degradation of the super capacitive performance was only 7.14%
after 1000 galvanostatic charging-discharging cycles which indicates outstanding
long-term stability [24]. Ni;_,Mn,Fe,O4 nanoparticles were used as a supercapac-
itor electrode material and fabricated by using hydrothermal method. This study also
examined the effect of substitution of Ni with Mn on their electronic, structural, and
electrochemical properties. Single-phase spinel structure was confirmed from the
XRD results and the conversion of inverse structure of NiFe, O, to the nearly normal
structure of MnFe,04 was revealed by Raman spectroscopy. With the increase in
the content of Mn, the band gap was decreases. The sample revealed the outstanding
performance and suitable cycling stability of the synthesized nanoparticles for super-
capacitor as indicated by electrochemical characterization. Increase content of Mn
also enhanced the specific capacitance up to 1221 Fg~! for MnFe, Oy nanoparticles
at a current density of 0.5 Ag~!. The correspondence values of energy density and
power density were 88.16 Wh kg~! and 473.96 W kg~!, respectively. This study
also applied these nanoparticles in real life applications and demonstrated a density
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functional theory to confirm the variation in the electronic and geometrical properties
that could disturb the electrochemical performance [25]. For supercapacitor appli-
cations, Nickel ferrite/graphene nanocomposite were fabricated and implemented as
an electrode. This work showed the importance of graphene nanosheet for dictating
the morphology of the electrode materials and thus, increasing the performance
of the electrode. Nickel ferrite/graphene nanocomposite were attained a specific
capacitance of 207 Fg~! which was almost four times higher than the nickel ferrite.
95% stable capacitance was displayed by the composites after 1000 cycles in 1 M
sodium sulfate electrolyte. It was also found that the charge transfer resistance of
the electrode reduced with graphene nanosheets as confirmed from the electrochem-
ical impedance spectroscopy. The overall results illustrated the importance of the
nanocomposite with longer cycle stability and better electrochemical performance
[26]. Some research group used a polymeric route to prepare a nanocomposite of
N-doped CoFeQ,/C (NCFC) with size of 10 nm. The prepared nanocomposites
showed outstanding super capacitive performances in comparison of as compared
to the pure nanoparticles of MFe,O4(M = Ni, Co, Cu, etc.). NCFC nanocompos-
ites showed a specific capacitance of 474 Fg~! at 5 mV/s scanning rate in 5 M
KOH which was approximately five times higher than the pure nanoparticles of
CoFe,0y4. The corresponding energy densities of pure CoFe,O4 nanoparticles and
NCFC nanocomposite were found to be approximately 23 and 116 Wh kg™, respec-
tively. NCFC nanocomposites displayed less energy loss as confirmed from the
galvanostatic charge—discharge measurements and for 50 segments the discharge
time of NCFC nanocomposites were found to be around ten times greater in compar-
ison to CoFe, 04 nanoparticles [27]. Thin film supercapacitor has established much
attention since they can reach both high power densities and high energies densities
which make them appropriate for practical application. Zinc ferrite (ZnFe,O,) thin
film attached on multiwall carbon nanotube was prepared by ionic layer adsorption
and reaction method (SILAR). The interaction of the composite electrode attains a
maximum specific capacity of 217 mAhg~! at 5 mVs~!, and this capacity is due
to the contribution of inner and outer active surface of the composite electrode.
The prepared device also showed a maximum specific power and specific energy of
377.86 W kg~! and 12.80 Wh kg~!, respectively, as shown in Fig. 4.

A hydrothermal method has been used to fabricate CoFe, O4 @ graphene nanocom-
posites as shown in Fig. 5. The prepared nanocomposite was used as a cathode mate-
rial. The performance of as fabricated electrode depends on the ferrites to graphene
weight ratio. It was found that, when the graphene content in composite was 40%, then
the specific capacitance can be appreciably enhanced to 579 Fg~! at 1 Ag~!. After
that, Fe;O4 @graphene nanocomposites were used to construct asymmetric superca-
pacitor. With the working voltage of 1.7 V, asymmetric supercapacitor distributed an
auspicious energy density of 45.5 Wh kg~! and a specific capacitance of 114.0 Fg~!
at a power density of 840 W kg~!. After 5000 cycles, 91% capacitance retention
of asymmetric supercapacitor was found. It offers an innovative change to construct
high performance ASCs with spinel ferrites-based graphene nanocomposites as elec-
trodes [22]. Numerous studies related to the use of ferrite materials in supercapacitor
have been reported in the literature as given in Table 1.
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2.3 Ferrites Materials Used in Batteries

In recent years, ferrites materials have been mostly considered for lithium-
ion batteries (LIBs). But, due to the serious volume expansion during lithia-
tion/delithiation and low electronic conductivity have restricted the enhancement of
capacity and long-life processing of batteries. Therefore, in order to overcome these
obstacles, some researchers have used some modifications on ferrites materials. Fluo-
rine doped ZnFe,O4 have been fabricated via using a quick quenching method. It
was used as an anode in LIBs and its performance were examined by electrochemical
activity. The method used in this process was not only produces fluorine doping but
it also improves the disorder of the atom, which can shield the capacity of swelling to
a larger amount. Simultaneously, quenching produces more active sites and induces
lattice defects. The prepared anode has the highest specific capacity of 950 mAh g~!
after stabilization at 0.5 Ag~'. A high current density of 5 Ag~!, also shows a distinc-
tive rate performance up to 312 mAh g~'. However, the rate performance of ZFO
without doping was 200 mAh g~!, which was lower than the fluorine doped ZFO.
Hence, from these finding it was confirmed that, the method used in this work effi-
ciently enhanced the electrochemical performance of ZnFe, O, [39]. Some research
groups have reported the shortcoming of in depth detailed of copper-based ferrites
anode architecture with increased electro activity for lithium-ion batteries. To over-
come this shortcoming, a research group has reported an advance synthesis method
in which copper ferrites attached with reduced graphene oxide (CuFeO, @rGO and
Cu/CuFe,0,@rGO) and act as eminent-working electrodes. It was observed that,
in the final configuration the reduced graphene provides increase specific surface
area and induces a conductive channel for ion/electron to hold the copper ferrites
volume expansion. A high reversible capacity of 587 mAh g~! after 100 cycles
at 200 mAg~! was shown by sheet-on-sheet CuFeO, @rGO electrode. Especially,
Cu/CuFe,04@rGO hybrid, which merges the utilization of reduced graphene and
copper nanomaterials, demonstrate a substantial improvement in the properties of
lithium storage. It exhibited a robust cycling capability of 1102 mAh g~! after 250
cycles at 800 mA g~' and higher rate capability of 723 mAh g~! at 800 mA g~ '.
Hence, these results offer an approach for the development of multivalent metal
oxide in different device applications where lithium can be stored [40]. After this,
in the initial cycles, the conversion electrode formed on ternary or binary oxides are
identified to faces some electrode kinetics problem that is interconnected with elec-
trochemical stability, loss of columbic efficiency and diffusion of solid-state lithium.
Some research groups have found that, the reason behind the solid-state diffusion
during the conversion reaction was grain boundary effect; however, the reason for the
electrochemical stability was unrevealed. To overcome this problem some study has
reported the utilization of conversion electrode fabricated with nanosized NiFe,Oy.
Along with conversion electrode, an alginate binder was also used, which act as an
admirable high-rate electrode. In this work, over many cycles 98% of the primary
charge storage of NiFe, O, electrode was re-established. NiFe,O4 nanoparticles can
distribute 740 mAh g~! capacities at a current rate 1 C with superior dimensions
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retention. From these results it has been found that, the ternary metal oxide-based
electrode will act as an anode for lithium-ion batteries [41]. Nanocrystalline NiFe,O4
have been prepared by using citric acid assisted sol gel method. The as synthe-
sized materials were tested as negative electrode for lithium-ion batteries. The stable
reversible capacity of 786 mAh g~! with capacity retention of over 85% was exhib-
ited by NiFe, 0, electrode, after 100 cycles at a constant current density of 0.5 Ag~'.
A specific capacity of 365 mAh g~! was attained by NiFe, Oy electrode, when cycled
at a current density of 10 Ag~!. At this current density, NiFe,O, nanoparticles as
an anode showed outstanding capacity. In this work, it was also revealed that, nickel
was present in both metallic nickel and nickel oxide phases and found the reason
of partial irreversible capacity while iron was active in the electrochemical reaction
with full reversibility [42] (Fig. 6).

Another study reported a hydrothermal method assisted with a microwave for the
fabrication of Fe;_,Sn,O4 nanoparticles which was affixed on reduced graphene
oxide with the change in the content of Sn. The as synthesized materials were
utilized as anode materials in lithium-ion battery as shown in Fig. 7. After 100 cycles,
Fe, 76Sn02404/rGO composite showed a greater reversible capacity of 1428 mAh g~!
at a given value of 200 mAg~', which illustrate the better working of tin-based
anode materials. In this work, authors have also investigated the atomic structure and
electronic state of the electrode using XAS techniques during a progress of cycles.
The rise capacity during cycling was due to the contribution of the decomposition,
reversible formation of PGF and the whole reoxidation of tin-tin oxide. Beside this,
a newly formed o—FeOOH was found which was due to the reduction of LiOH after
100 cycles [43].

Some research groups have reported the two-step synthesis to produce chromium
ferrites (CrFe,0,) nanoparticles monohybrids and multi-walled carbon nanotubes
(MWCNTSs). These two-step syntheses include co-precipitation method and ultra-
sonication assisted route. In the first step, nanoparticles of CrFe,O4 were synthe-
sized by co-precipitation method, and in the second step, diffusion of CrFe,O4 on
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Fig. 6 a Curves of cyclic voltammetry scanned at a given value of 0.1 mVs~! and b profile of
charge/discharge outline with a current density of 0.1 Ag~'. Reproduced with permission [42];
copyright 2017, ACS
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MWCNTs were done by using ultra-sonication assisted route. To obtain the final
product (MWCNTs),/CrFe, 04 toluene was used for the dispersal of CrFe,O4 on
MWCNTs. SEM results illustrated that, the as prepared nanoparticles were evenly
distributed on MWCNTs and the pulverization of active materials that confirm the
transport of electron ion efficiency during lithiation and delithiation was revealed by
the analysis of SEM images (MWCNTs),/CrFe, 4. Accordingly, at various values of
current densities these monohybrids displayed superior cyclic performances. The as
synthesized monohybrid displayed good Li* storage properties with increase cyclic
stability, better columbic efficiency, and enhanced reversible discharge capacity after
100 cycles. These finding presented a low-cost route to synthesized nanohybrid which
act as an anode materials for lithium-ion batteries [44].

Apart from lithium-ion batteries, lithium-sulfur batteries have been studied as
the most auspicious energy storage systems, because of their improved hypothetical
definite capacity (1675 mAh g~') and energy density (2600 Wh g~!). Still, it was
very stimulating to resolve the problem of low loss kinetics and shuttling of lithium
polysulfide. To solve these problems some studies have reported the synthesis of
nanoparticles of copper ferrite deposited on carbon nanofibers that is doped with
nitrogen via the combination of hydrothermal and electro spun treatments (CF/NC).
The as produced materials were used as a collector (positive current) containing
Li,S; catholyte for Li—S batteries. CF nanoparticles addition played an essential role
in seizing polysulfide’s in both chemical and physical adsorption. Also, because of the
efficient catalytic effect which result in the promoted sulfur conversion and permitted
remarkably enhanced utilization of sulfur, cyclic stability, and longer rate capability.
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A cell with CF/NC transported an outstanding cycling stability of 609 mAh g~! after
300 cycles at 0.2 C, under 5.75 mg sulfur loading. At 0.1 C the high initial capacity of
the cell was 9.4 mAh under a 12.15 mg loading of sulfur [45]. In another study, a ferro-
magnetic one-dimensional porous Fe;0,@C electrode (1D-Fe;O4@C) as a sulfur
host has been reported. The as prepared electrode showed a strong binding effect
on polysulfide’s through physical adsorption and Lorentz forces, hence lowering the
shuttle effect. The reason behind this finding was its 1D structure. Simultaneously,
the porous morphology of the prepared materials encourages the loading of sulfur
and during cycling, enfolds the large volume changes. Superior specific capacity and
excellent high-rate cyclability was exhibited by 1D-Fe;O4 @C, which was confirmed
by the capacity retention rate of 95.1 and 92.7% respectively, for 200 cycles [46].

2.4 Ferrite Materials Used in Fuel Cell

Fuel cell is a device which can converts chemical energy into electrical energy and
heat excluding direct release as well as combustion of nitrous oxides (NO,), carbon
oxides (CO,), and sulfur oxides (SO,). There are various types of fuel cells like
molten carbonate, alkaline, polymer electrolyte membrane, solid oxide, and phos-
phoric acid fuel cell. As solid materials are used for the fabrication of solid oxide
fuel cell that’s why it is different among other types of fuel cells and oxygen ions
traveling through the fuel cell to produce electricity. Efficiency of solid oxide fuel
cell can arrive at up to 60% and goes up to 80% on heat recovery [47]. Electrolyte,
cathode, anode, and interconnects are main components of solid oxide fuel cell.
Ferrite material more frequently used to prepare the components of the solid oxide
fuel cell to obtain better efficiency from the cell without polarization loss of the mate-
rial during working of the cell. Working diagram of solid oxide fuel cell is shown in
Fig. 8.

Oxygen (air) enters at the cathode side of the cell, where reduction of oxygen
molecules in to oxygen ions takes place. Generally, porous ceramic materials are
used as cathode, so that conduction of electron as well as ions takes place easily.
The oxygen ions migrate toward anode through the electrolyte which is a dense layer
of ceramic, predominately an ionic conductor. At anode, gaseous fuel (Hydrogen)
enters the cell and react with oxygen ions migrated from cathode through electrolyte;
as a result, oxidation of hydrogen take place thereby generates the electrons. From
external circuit, electrons travel toward cathode from anode side which maintains
permanent supply of oxygen ions for electrolyte and generate sufficient electric power
along with water and heat as byproduct [49-52]. Perovskite-type oxides materials
commonly uses as cathode material of SOFCs. The general formula of perovskite
is ABOs, in which A and B both have + 6 positive charge. ‘A’ cations are the
combination of rare and alkaline earth metals (such as La, Ca, Ba, and Sr, etc.)
which are bigger in size and coordinated with 12 oxygen anions on the other hand
‘B’ cations are reducible transition metals (such as Mn, Ni, Cr, Co, and Fe, etc.)
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which are much lesser in size and therefore coordinated with 6 oxygen anions [53,
54]. Figure 9 shows a typical structure of ABO3 perovskite [55].

At the B-site of ABO; perovskite cathode material, Fe substituted cathode is more
stable than Co substituted because Fe3* ion has stable electronic configuration 3d°
therefore conversion of Fe** to Fe** is very small. The maximum power density
makes the Sr-doped LaFeO3; (LSF) promising cathode for SOFCs. Lag g9 Srg20FeO3
(LSF) cathode achieves maximum power densities 0.90-0.95 W cm~2 at temperature
750 °C and 0.7 V and outstanding stability. In addition, area specific resistance of
the ferrite-based cathode LaggoSrp20FeOs significantly reduced to 0.1 2 cm? at
temperature 800 °C, and TECs are near to those of the CGO and YSZ electrolyte
[56].

Doping of Sr to LaFeO; (LSF) create charge imbalance, this charge neutrality is
compensated either by creation of Fe** ion or by oxygen vacancy. At high temper-
ature, oxygen vacancies are formed in LSF by losing oxygen and due to this hole
concentration decreases. When the partial pressures of oxygen (e.g., air or O,) are
very high, holes are the leading charge carriers but at lesser partial pressures of

Fig. 9 Unit cell of structure
of the ABO3 perovskite. /.
Reproduced with permission
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oxygen charge imbalance are neutralized by the creation of vacancies of oxygen
in the material. The total conductivity of ferrite is therefore due to mobility of the
electron or hole instead of oxygen ions; therefore, whole conductivity in ferrite is
due to hole conduction [57]. Lngs0Mg soFeOs.sPerovskites (Ln = La, Nd, Pr; M
= Sr, Ca, and Ba) A-site cation disorder affect the electronic and electrochemical
performance. They observed highest conductivity and working for Lanthanum-based
materials and reported that slight cationic radii covering cathode materials will react
extra energetically with electrolytes [58].

3 Conclusions

Recently, semiconducting industry receiving much consideration in the field of
energy harvesting, the promising field that used semiconductor. In order to achieve
semiconducting materials, nanotechnology is used to fabricate different materials
used for the fabrication of various devices. A general introduction of various types
of ferrites nanomaterials and their application in different field were discussed.
Different ferrites nanomaterials such as perovskite bismuth ferrites, NiF,Oy,
MnFe;04, Ni/NiFe,O4@carbon nanocomposites, CuFe,04-rGO//rGO, ZnFe,04
nanoflakes @ZnFe,04/C, etc. were discussed in this chapter. These ferrites nano-
materials were used in various applications such as organic solar cell, dye sensitized
solar cell, photovoltaic cell, photo detector, photodiodes, supercapacitors, batteries,
and fuel cell. The demand for solar cells, supercapacitors, fuel cell, batteries tran-
sistor, and diodes are increasing tremendously every year due to their enormous range
of applications. In case of supercapacitor, ferrite nanomaterials enhance the energy
density and specific super capacitance of as prepared device by showing good cyclic
stability, better retention, rate performance, and higher electrochemical performance.
In case of fuel cell, the electrochemical capacitance and power density were improved
by ferrite nanomaterials where it worked as an anode material. Ferrites materials are
also used in batteries, but due the less electronic conductivity, these materials have
limited the long-life utilization of batteries. Therefore, to overcome these limita-
tions, the ferrites nanomaterials are modified by different metals and nonmetals. The
modified ferrites materials have showed high current densities, larger specific capac-
itance. Hence by using ferrite nanomaterials, various types of energy storage and
energy conversion devices were utilized to minimize the energy crisis.
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Chapter 8 ®)
Ferrite Nanocomposites for EMI oo
Shielding Applications

Neha Thakur, Shubhpreet Kaur, Indu Sharma, and Gulshan Kumar

1 Introduction

The fast development of new gadgets and the adoption of fully interconnected circuits
have created a new form of pollution identified as EMI. The usage of electromag-
netic technologies has increased significantly during the past ten years, especially
in communication systems, health sciences, and security devices. Significant effort
has been put into the extensive development of wireless electronic equipment. These
technological applications result in electromagnetic (EM) pollution and interference
in the environment. EMI has evolved into a significant matter that not only impacts
human health but also interacts with the functioning of electrical gadgets. Therefore,
shielding is necessary to protect electronics connected to strategic systems from
severe electromagnetic radiation that cannot be avoided, such as from transformers,
airplanes, nuclear reactors, control mechanisms, and communications networks [1,
2]. Exploiting a brand-new material with significant electromagnetic wave absorption
qualities is a good strategy to solve these issues. This absorber is useful for attenuating
electromagnetic radiation by magnetic or dielectric loss, and it can be used to reduce
the electromagnetic response from metal substrates like airplanes, ships, tanks,
anechoic chamber walls, and electronic devices [3]. Electrostatic discharge (ESD) is
the most common EMI cause. Even a non-technical person can easily identify this
ubiquitous phenomenon as audio static, damaged satellite coverage in the type of
screen sparkles, and the select that can be detected on compatible devices whenever
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a light is turned up. Upon exposure to electromagnetic radiation, EMI also origin
health risks like as drowsiness, sleeplessness, anxiety, and headaches [4]. In order to
decrease their impact, electronic devices should be shielded or cased to ensure that no
electromagnetic waves enter or leave the equipment. A material or piece of device that
has been appropriately shielded both decreases any undesired emissions from that
instruments and shields it from any potential interference from outside electromag-
netic radiations or signals. A surface that is conductive or magnetic can successfully
shield EM waves using reflection, absorption, and multireflection mechanisms. This
property is known as EMI shielding efficiency (EMI-SE) [5]. Radiated or conducted
electromagnetic interference can either reject or impact an electrical system. Conduc-
tion interaction of electromagnetic radiations can be avoided by utilizing frequency
filters or inductors in the circuit design. On the other hand, radiation can be prevented
by physically shielding the source. Thus, EMI shielding attempts to block or decrease
EM radiation from emitters by utilizing materials capable of interfacing with such
signals. In order to reduce the possibility of electrical equipment failure due to
electromagnetic pollution and sound, newly discovered EM shields and absorbing
substances have now been created and manufactured [6]. The equilibrium of complex
permeability and permittivity may result in an increase in the ability to absorb EM
waves when impedance matching conditions are satisfied. The most common way
to achieve impedance matching is to combine a magnetic material with dielectric
elements. Hexaferrites are a category of materials with magnetic properties that
have numerous uses in technology, particularly in electronic equipments [7]. Reso-
nance frequency absorbers (ferrites) and dielectric absorption were used to identify
electromagnetic interference absorption (foams). Due to the excessive thickness of
dielectric absorbent, resonance frequency absorbers were used as effective electro-
magnetic absorbers. M-type hexaferrites are among the most practical and promising
EMAs. Magnetic moments, storage systems, and recording, as well as electrical and
electromagnetic absorption materials, are only a few uses for ferromagnetic barium
hexaferrites [8]. Substances for electromagnetic pulse (EMP) shielding and mate-
rials for EMI shielding are directly connected. A brief electromagnetic energy explo-
sion, including those generated by electricity and nuclear detonation, is known as an
EMP. Antennas, which operate in both the radio frequency and microwave bands,
are relevant applications for highly conductive elements that are characteristic of
EMI shielding technologies [9]. Anand et al. [10] reported zirconium-substituted
barium hexaferrite nanomaterials as well as reduction graphene oxide fillers in a
polyvinylidene fluoride matrix to create ultra-light and adaptable polymeric films for
electromagnetic radiation absorption and high electromagnetic shielding. Primarily,
Zr-doped barium M-type hexaferrite (BaZrFe;;O9) was prepared by sol-gel auto-
combustion, and RGO was produced using a simplified Hummers route accompanied
by a heat removal process. The resulting adjustable films have an electromagnetic
interference shielding efficiency of 48.59 dB at frequency range 11.1 GHz for a 10
weight percent addition of BaZrFe ;09 in polymer composites with a very thin
thickness of 0.2 mm. The significance of energy absorption of 40.98 dB is caused
by increased electrical resistivity and magnetic loss both of which are shown to
be reduced with the addition of fillers formed of ferrite. These findings show that
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reduced graphene oxide fillers with minimal substituted barium M-type hexafer-
rite nanofillers implanted in polymeric nanocomposites films probably one of the
potential radiations shielding materials for radio detection and ranging and weapons
systems. Bheema et al. [11] report the interference shielding effectiveness of epoxy
composite samples that contain barium M-type hexaferrite nanomaterials as well as
graphene nanocrystal over the X-band (8—12.4 GHz). Shooshtary Veisi et al. [12]
investigated the synthesis of copper and zirconium-substituted barium strontium
M-type hexaferrite/poly (ortho-toluidine) nanomaterials as microwave shielding in
the Ku-band frequency spectrum 12—-18 GHz using in situ polymerization of ortho-
toluidine. In comparison with the additional samples inside the Ku-band frequency
range (12-18 GHz), the vector network analyzer measurement of the BSCZH/POT
nanocomposite with a 2 mm thickness revealed that it had the maximum microwave
absorbance of almost 90% for Cu/Zr-doped barium strontium hexaferrites/POT for
(X = 0.2). The results suggest that the new entity, a nanocomposite, could be
employed as a powerful electromagnetic interface shield to protect against elec-
tromagnetic radiation. Tohidifar [13] studied the electromagnetic interference (EMI)
shielding and broadband electrical characteristics of a multi-walled carbon nanotube
(MWCNT)/barium titanate nanocomposites. Furthermore, adding 6 weight percent
(Bi,O3 + B,03) to a 1.5 mm nanocomposite containing dissimilar weight percent
MWCNT resulted in an electromagnetic interference shielding effect significantly
larger than 28 dB, indicating that this innovative nanomaterials is a highly effec-
tive choice for electromagnetic absorbance and electromagnetic fields applications.
Dalal et al. [2] using a simple in situ chemical oxidative polymerization process,
poly(3,4-ethylenedioxythiophene)/reduction graphene oxide/PbTiO3; nanocompos-
ites have been created. The manufacturing technique produces core—shell-shaped
nanocomposites with PbTiO; as the main filler and reduction graphene oxide as
the second filler in a matrix of poly(3,4-ethylenedioxythiophene). The outcome is
an improved electromagnetic shielding efficacy rating of 51.94 dB in the frequency
range of 12.4—-18 GHz. Using thermal gravimetric analysis and Fourier transmission
infrared spectroscopy, the nanocomposites were further investigated.

The present and prospective wireless technologies require the use of suitable
shielding materials in order to protect the devices from harmful radiation and prevent
compromises in their performance and durability. Due to the growing demands of
portable devices, current generation electronics need shielding materials that are
flexible and light [14].

2 Mechanism of EMI Shielding

A specific kind of plane wave is an electromagnetic wave. Its direction of prop-
agation is parallel to the magnetic and electric fields’ plane. The intensity of the
energy increases with frequency. The far-field region was the focus of electromag-
netic interference shielding research, and the shielding substance was conductible.
Transmission line theory is a widely established analytical theory that combines ease
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of calculation with great precision and clarity [15]. The three EMI attenuation mech-
anisms are reflection, absorption, and multiple reflections. The main method, reflec-
tion, depends on the presence of moving charged particles (electrons or holes) that
participate in electromagnetic radiation interaction. However, higher conductivity
may not be essential for protection; the shield would prefer to be electrically conduc-
tive. Shielding did not necessarily require connectedness in the conductive network;
however, conduction does. The reflect reduction is determined by the proportions
of the electrical conductivity of copper and the magnetic permeability of copper,
respectively [16]. Absorption is frequently a second method of EMI protection.
The barrier should have both electrical and magnetic eddy currents that coincide
with the electromagnetic energy in the radiation to absorb considerable amounts
of radiation. Electric dipoles can be created using materials with high dielectric
strengths. The presence of magnetic dipoles can also be produced by several addi-
tional components having a higher magnetic permeability, which can be improved
by using many layers of magnetic films to decrease the number of magnetic domain
boundaries [17]. Figure 1 demonstrates an incoming electromagnetic (EM) wave
passing through a hard object. Absorption loss is an objective of o,. 1, and is propor-
tional to shielding thickness. Although reflection generally decreases with frequency,
absorption generally increases as frequency increases. Multiple reflections are the
third shielding method. At the shield’s surfaces or interfaces, several wave reflec-
tions occur. Large surface areas or contacts must be available for this mechanism
to function [18]. Schoellkopf’s theory states that when electromagnetic waves reach
the shielding material’s surface, some of them are directly reflected (SEr) because
of an impedance misaligned. The remaining electromagnetic radiations are received
by substances as absorption coefficients (SE4), and portions that are reduced by
numerous reflections are known as multiple reflection coefficients (SE;,) [19].

This equation is used to calculate the microwave-absorbing capabilities of nano-
materials, which are the total of the absorption value, reflection, and multiple
reflection factors.

SE7(dB) = SE,4 + SEg + SEy (1)

The terms SEg, SEy;, and SE,4, respectively, stand for the shielding efficiency
resulting from absorption, reflections, and multiple reflections.

Electromagnetic interference shielding effect is known as the logarithmic propor-
tion of radiation input power (P;) to radiation output power (P,), as determined by
Eq. 2 [20].

P E B
SE7(dB) = —lolog(?T> =-20 1Og<E_T) — 90 log(B_T> )
1 I 7

where T or I stand for the incoming and emitted radiations occurring on the protecting
layer of a material, accordingly, and P, E, or B stand for the power, electric, and
magnetic field intensities, respectively [21].
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Fig. 1 Demonstration of incoming electromagnetic (EM) wave passing through a hard object

A network analysis can be used to detect electromagnetic interference shielding
effectiveness. Scalar (SNA) and vector (VNA) network analyses are the two different
categories of network analysis. A VNA measures the magnitude and stages of
different signals, whereas a SNA merely detects the amplitude of signals. Complex
signals, such as relative permittivity or permeability, cannot be assessed with a SNA,
but they can be measured with ease using a VNA. Complex scattering variables can
quantitatively describe the incident and emitted vibrations in a two different vector
network analyzer (or S parameters). The evaluation of reflection and transmission
ratios involves each four (S, S21, S12, and S») or a couple (511, S21) of the S factors
of the substance being tested, making it the most often used method for carrying out
such conversion’s material under test. A VNA, a sample holder, coaxial wires, and
an adaptor make up the entire EMI-SE measuring setup. When an electromagnetic
wave encounters an absorber layer, the transmission electromagnetic wave can be
detected by the variable (S11 or $22), and the reflection electromagnetic wave is
evaluated by the variable (S12 or S21). Figure 2 illustrates how EM waves interface
with shielding substances [20].

The transmission and reflection ratios are expressed by the two-port connection
system’s S1; (or Sp;) and Sy, (or Sp;) variables. Absorbance (A), transmittance (7'),
and reflectance (R) through the blocking layer can be identified as follows based on
the analysis of S variables [22]:

T =[Sl (= I501) 3)

R = [S1*(= 1521%) (4)
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Fig. 2 EM wave shows connection with shielding substances

The absorption coefficient (A) is calculated using the electromagnetic radiation
power equilibrium formula (incoming wave strength, / + A + R + T).

A=1—-R-T (5)
where I — R stands for the intensity values of the electromagnetic radiation that effi-

ciently penetrate the components in this case after reflection, generating absorption,
and transmission impacts [23]. Figure 3 represents the scattering variables by VNA.

Fig. 3 Scattering variable
via vector network analyzer

A

A

Thickness
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2.1 Measurements of EMI Shielding Effectiveness

There is a particular test to determine the effectiveness because not all EMI enclosures
perform at the same level of efficiency. The most popular techniques for determining
how effective a material is at shielding are

1. Open field method

2. Coaxial transmission line technique
3. Shielded box route

4. Shielded room route

1. Open field method

The open field technique and free storage technique evaluates the shielding efficiency
of aninterconnected electrical device of separate finished items in an open area, free of
ametallurgical surrounding. With the help of an antenna positioned at different ranges
from the equipment, the method assesses the conductivity of the transmissions and the
intensity of the diffraction pattern. This specific test was created to simulate typical
application areas for gadgets. In locations devoid of material properties, antennas are
constructed (outside of testing equipment). Figure 4 shows an average noise sensor
that detects EMI rates and saves the output.

2. Coaxial transmission line technique

Receiving antenna

30m

Noise Meter

Power

Receiver Power

source

Fig. 4 Systematic representation of open field test
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Fig. 5 Systematic representation of coaxial transmission line technique

This experiment is typically used to assess the efficiency of flat materials as shields.
This experiment, which uses the Doppler Effect, is thought to be the most popular one
and consists of a network analyzer and two coaxial connectors for keeping the sample
(Fig. 5). It gets around the problem with insulated box tests, where we get similar
results from various labs. In the coaxial container, the sample is injected between the
component pieces and exposed to an electric field in all directions. Using an insulated
screw, the direct electrical connections are minimized [24].

3. Shielded box route

The barrier box technique is frequently utilized to measure test specimens made of
various shield elements side by side. The study involves a metal container with a
mechanically impermeable wall that has a test outlet and a receiver module installed
in it. From outside the box, a receiving antenna is positioned, and the amplitude
of the signals it receives is listed through both the access part and the port with
the test sample concealing it. Figure 6 demonstrates this feature. This technique’s
disadvantage is that it’s challenging to establish a sufficient electrical connection
between prepared samples and the shielded container. The other difficulty is its
comparatively small frequency range of 500 MHz.

Shielding room Metal box
Transmitting Specimen
antenna -
Receiving
antenna

Signal Receiver

Generator

Fig. 6 SE measurements of shielding box
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Anechoic Chambers

Fig. 7 SE measurement of shielded room

4. Shielded room route

The most advanced technique, the shielded room system, was created to eliminate the
restriction of the shielded box concept. The measurement technique, signal producer,
sending antenna, received power, and recorder are all separated in different rooms to
prevent interference, but the main idea is the same as with the shielded box technique.
Furthermore, the test specimen area is significantly expanded, often on the scale of
2.5 m? in area, and the antennas are placed in acoustical chambers the size of a
room. This is demonstrated in Fig. 7, where it can be seen that, as compared to the
shielded group that understands the basic concepts, the frequency band over which
valid findings may be achieved is much increased, and the data repeatability is greatly
enhanced [25].

2.2 Shielding Effectiveness Through Reflection

Reflection loss (SEg) is connected compared to the incident’s relative consis-
tency electromagnetic wave and the shielding material’s surface impedance, whose
generalized form is defined as [26]

o
SEg = —1010g10<m) (6)

where o7 is the total conductivity (7') is measured in S/cm. According to Eq. 6, SEg
is a function of the shielding material’s ratio of o7 to u, or (o7 /u,). Furthermore,
Eq. 6 clearly implies that, for a specific shielding substance with fixed 7" and r, SEg
is shown to decrease with rising f.
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2.3 Shielding Effectiveness Through Absorption

Electric and magnetic fields present in the microwave radiation can interact with
the shielding material’s constructed dipole and cause Ohmic losses. Electric and
magnetic dipoles are necessary for a shielding material to absorb EM radiation.
Across the shield’s thickness, the strength of the EM waves’ propagation decreases
exponentially. The signal produced in the shielding (Ohmic loss) and hysteresis loop
losses are the main causes of the absorption. The following relationship can be used
to determine the size of SE4 [27]:

1

SE, = —8.68r(UT°‘)“R>2 7
2

Here, thickness of barriers is denoted by 7, and the ratio of the shield electrical
conductivity of substance to its permeability determines how much SE4 will occur.
Electromagnetic radiation absorption can be further improved by thickening the
barrier. The absorption scales with frequency, in contrast to the reflection mode.
The interdependence is a logarithmic function even if the reflection gets smaller as
the frequency increases. As a result, frequency-dependent EM radiation attenuation
increases overall.

2.4 Shielding Effectiveness Through Multiple Reflection

The significant inside surface of materials and composites with fillers exhibits a
multiple reflection process. Multiple reflections typically reduce the overall protec-
tion factor if the medium is less than the surface region and can be disregarded if the
material is thicker than the surface region [28].

Skin Depth An electric charge decreases and reaches 1/e times the power of the
arriving at depth, known as skin depth (§), when a plane wave penetrates a conductive
substance, as shown by

1
0 = —— 8
e ®)

where o is the conductivity, the wave’s frequency is denoted by f, and u represents
the shield’s magnetic permeability [29].

Multiple reflections, or reflections at many surfaces or at the material crossing,
make up the third mechanism [30].

SEy =2010g<1 —e’T”) =2010g<1 —eleﬂA) )
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SE and SE, are connected with one another according to Eq. 6. The mathemat-
ical morphological structure heavily relies on SE,,. The intensity of electromagnetic
waves is insignificant when they arrive at the second border of the shielding mate-
rials, so SEy, can be disregarded for comparatively thick shielding materials. Simply
include, the SE, can be disregarded when the SE,4 of the protector materials is below
10dB [31].

3 Reflection Loss

The electromagnetic wave absorption qualities of the samples were calculated from
the variation of reflection loss versus frequency in the X-band region (8-12 GHz)
and Ku-band (12-18 GHz) frequency bands. Transmission line concept states that
the reflection loss of an electromagnetic field on an only one surface of a material
supported by a perfect conductor can be described as follows:

(10)

Zin—Z
RL(dB) = 20 log}zm 0

in + Zo

Here, Zy denotes the free space characteristic impedance and Z;, represents the
normalized input impedance at the interface between free space and materials, as
given by the following relation [32].

4 Properties Associated with Electromagnetic Interference
Mechanism

4.1 Tangent Loss (Dielectric and Magnetic)

Ferrites’ dielectric characteristics depend on many different variables, including the
varieties of charge carriers, which in turn are based on the fabrication, annealing
temperatures, chemical nature, ionic potential, and particle density [33].

The angle between both the stage of displacement or and the entire current is
represented by the tangent of the dielectric loss. Complex permittivity &, concept
that written as, is also what distinguishes a dielectric material’s magnetic properties.

e=¢ —j&’ (11)

Here, ¢’ represents the actual factor of permittivity and &” denotes the fictional compo-
nent of permittivity [32]. The complex permittivity is made up of an actual permit-
tivity (¢") component that summarizes a material’s capacity to reserve energy when
exposed to an electric field, as well as factors that influence the dispersion of the
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electromagnetic current and the process of waves passing by way of the substance
and an assumed permittivity (¢”) component that affects both reduction and power
absorption [6].

The type of power released by the ferrite nanoparticles during electron transmis-
sion in the dielectric system is revealed by the dielectric loss (tand) [34]. The loss of
electron can be calculated as a loss tangent and stated as per the Debye polarization
relaxation equation.

” _
tans = ° — (& — exg)0T (12)
g Es T Eoow?r2

where &y, €x, @ and T represent the stable dynamic constant, high-frequency
dynamic constant, frequency and the frequency, the breakdown period of polar-
ization, respectively [35].

The EMI shielding processes of an EMI shielding material can be known by
evaluating the magnetic complex permeability as

Wr = [, — JHb) (13)

where ) indicates the imaginary part and ju, denotes the magnetic storage of
the electromagnetic radiation. The tangent of the magnetic loss can be applied to
determine the losses which are shown in Eq. (15) [36].

"

&

tans, — (14)

r

4.2 Source of Dielectric Loss

The conduction loss (¢!/) plus relaxing loss (¢)), which make up the majority of the
dielectric loss signal, make up the imaginary part of permittivity (¢”). The theory of
Debye describes the ¢” as follows:

e =¢ +¢ (15)
o4
g = ke (16)
[N
" & — €00

€ a7

= % ot
14+ w?t?

where static permittivity is &5, £« denotes the high-frequency limit permittivity, o 4c
represents the direct current conductivity, and the relaxation period is t. The electric
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loss in carbon membranes is the cause of composites’ conduction loss. The defective
dipole and interfacial polarization phenomena are the main causes of the relaxation
loss [37].

According to the Havriliak—-Negami equation, the complex dielectric constant
comprises two components: polarization process and conductivity impact [38].

+ Ae _; 00
[1 4 i W gy ®uN JaN Wseg

(18)

& = €00

where Ae denotes the dielectric relaxation intensity, W represents the frequency of
the electromagnetic field oscillation, oy and yyy are the relaxation spectra shape
parameters, and the —io/ W*e, component indicates the conductivity effect, here oy
is the sample’s dc conductance and s is the conduction mechanism.

4.3 Source of Magnetic Loss

According to the theory of Ferromagnetic resonance, the frequency of natural
resonance (f,) can be shown by the given function [39]:

14
- _ 19
i 2y Hlett (19)
Hoe - 41K 1| 20)
eff 3MOMS

where gyromagnetic ratio denoted by ﬁ, H. ¢ represents the effective magnetic field,
K refers to the magneto-crystalline anisotropic coefficients.

S Parameters Governing EMI Shielding Mechanism

5.1 Impedance Compatibility Requirement

The impedance compatibility requirement can be determined by using following
relationships:

Z=27/Z @D
Zy = (/) Zo (22)

6] = (2 + ") (23)
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/. . l
Il = (> + u':? (24)

Here, Z, is the absorbing material’s impedance, Z is the free space impedance, and
W, and g, are complex variables for permeability and permittivity.

If the electromagnetic absorbing material exhibits ideal impedance matching, the
output coefficient should be zero, implying that Z, = Z,. Similarly, the u, value
must equal ¢, [40].

5.2 Attenuation Constant

The constant of attenuation (c¢) also shows the impacts of the shields’ internal atten-
uation capacity. This is the rate at which microwave fields disperse and may be
determined using the equation below [41].

V2 f

o = % M//SH _ M/Sl + \/(M”SN _ M/8/)2 + (w'e” + M//8/)2 (25)

where ‘¢’ denotes the velocity of light.

6 Conclusion and Prospect

This Chapter includes ferrites nanocomposites for EMI shielding and microwave
absorption application. This chapter also includes the electronic properties of the
materials such as complex permeability, permittivity, and tangent loss (dielectric and
magnetic). All of this connected with electromagnetic interference. The EMI-SE are
important for research and development of the protective material’s structural system.
The creation of innovative materials with enhanced shielding capabilities is another
challenge. Increasing the use of available information for accessibility is the most
essential part. The method of electromagnetic shielding, various EMI concepts, and
theoretical analysis features such as reflection, absorption, and multiple reflections,
as well as methods for determining EMI-SE, are all explained in detail.
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Chapter 9 ®)
Ferrite Nanoparticles for Sensing oo
Applications

Parul Raturi, Iliyas Khan, Gaurav Joshi, Samir Kumar, and Sachin Gupta

1 Introduction

Micro- and nanostructured spinel ferrites have become increasingly popular in recent
years due to their numerous ranges of applications. The spinel ferrites or iron-
containing ferrites are the complex oxide-based crystal structure having a face-
centered cubic core. They are usually designated by the general formula XFe,O4
and are usually formed by the combination of a trivalent iron(IIl) ion (Fe*) with a
series of the same or another metal cation (X, where X includes the divalent cation
Co, Ni, Zn, Mg, Mn, etc.) [1, 2]. Recent research has focused on spinel ferrites due
to their nanoscale superparamagnetic characteristics, chemical and thermal stability
with a variety of compositions [3]. The substitution of Fe ions with other metal
cations can also affect the electronic structure of Fe;O4 [4, 5]. Since the magnetic,
electrical, mechanical, and optical properties of ferrites can be easily tuned, they
are considered promising materials for various sensors such as magnetoresistance,
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thermal, mechanical and chemical sensors, actuators, and gas sensors. It is possible
to tune these properties either by adding dopants or by creating metal or metal oxide
structures using diverse types of materials. Ferrites also have the advantage of being
inexpensive materials.

So far, various combinations of spinel ferrites have been described in the literature,
including magnetite spinel, cuprospinel (containing copper), jacobsite (containing
manganese), franklinite (containing iron, manganese or zinc), ulvospinel (containing
titanium), magnesioferrite (containing magnesium) or trevorite (containing nickel)
spinels [6]. Due to high selectivity, high sensitivity, low cost, low operating tempera-
ture, low detection limits, fast response time, wide dynamic range of application, and
long-term stability, spinel ferrites are the ideal material for the development of sensors
[7]. The field of spinel ferrite has continuously expanded in recent years. Searching
the Scopus database for the keywords ‘spinel ferrite’ AND sensor yielded 2033
documents (as of November 8, 2022), of which 1777 were research-based articles,
Fig. la. Sensors are particularly developed (based on the number of publications)
in the broader fields which include materials science (1476 documents), physics
and astronomy (1050 documents), chemical engineering (663 documents), engi-
neering (538 documents), chemistry (373 documents), and biochemistry, genetics,
and molecular biology (63 documents), see Fig. 1b. The analysis shows that the field
in which spinel ferrite is used is new and developing at a rapid pace, particularly
because of its utility in chemistry as a chemosensor and in related biology or health
sciences as a biosensor.

In this chapter, recent developments and improvements in the use of ferrites in
chemical and biological sensing techniques are presented. There are numerous details

Total documents on keyword “Spinel ferrite’ Number of documents on broader subject
AND ‘sensor’ as per Scopus database (Last b domains
(a) : (b)
accessed on November 08, 2022) Materi: "
Materials Science |————————— 1476

2021,291 Physics and Astronomy |e— (50
Engineering | 563
2022,27% Chemistry e 535
Chemical Engineering 373
Biochemistry, Genetics..p 63
Environmental Science [ 61
Energy p 36
Mathematics | 30
Earth and Planetary..} 23
Computer Science | 23
Pharmacology,..} 18
Medicine | 18
Multidisciplinary | 11
Agricultural and..| 5

Documents
Subject domains

Social Sciences |4
Business, Management..| 4
Health Professions | 3
Immunology and..| 2

Arts and Hi it 1

2023,3
1980 1990 2000 2010 2020 2030
Year

] 500 1000 1500 2000
No. of documents

Fig. 1 a Searches of the Scopus database for the keywords ‘spinel ferrite’ AND sensor yielded
2033 documents (as of November 8, 2022). b Publications on relevant topics in the broader field of
science and technology
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in the literature on the current trends in spinel ferrites for various technologies [8—
14]. In a study, Goncalves et al. reviewed the contributions and compared the main
strategies to develop XFe,O4 materials for improved electrochemical sensing appli-
cations [15]. In another study, Sutka and Gross have summarized recent advances in
synthetic methods for the preparation of spinel ferrites. In addition, recent progress
in the use of spinel ferrites for gas sensors [10, 16], chemical sensors [17], biosensors
[18], temperature sensors [19], stress sensors [20], and biomedical applications [13,
21, 22] has been summarized. Nevertheless, we are not aware of any review that
describes the entire potential of spinel ferrites as different sensors in a single article.
Thus, the prime aim of this review is to focus on the latest advances in spinel-ferrite-
based materials for various sensing applications. In addition, the advantages and
disadvantages of using these spinels as well as the future prospects and directions
are critically discussed.

2 Sensing with FNPs

2.1 Gas and Humidity Sensors

A gas sensor detects toxic gases and vapors that are harmful to humans. The need for
sensitive, stable, and selective gas sensors for the detection of toxic gases is becoming
increasingly important. There are a variety of applications for gas sensors made from
spinel ferrites, both industrial and medical. Metal ferrites can detect a range of gases,
including carbon monoxide, liquefied petroleum gas, hydrogen sulfide, gasoline,
and methane. It is becoming increasingly important to integrate sensors into smart
devices for remote sensing. As aresult, compactness and compatibility with operating
systems are driving the progress of electrical sensors. Solid-state gas sensors based
on new materials are becoming more popular [23]. Ferrite-based gas sensors are
mechanically resilient, affordable, and have excellent sensing characteristics. When
a chemical reaction on ferrite surfaces leads to the transfer of electrons between
gas molecules and ferrite surfaces, the electrical conductivity or resistance changes.
We will briefly review recent advances in ferrite-based gas sensors. The numerous
methods used to synthesize ferrites are beyond the scope of this chapter and can be
found elsewhere.

2.1.1 Gas Sensing Mechanism

The response of spinel ferrites to target gases is like that of a semiconductor gas
sensor. Spinel ferrite sensors are also based on the intricate interaction of the gas—
solid interface, which changes the electrical conductivity [24]. They work on the
principle that gasses adsorb to surfaces and cause changes in capacitance or electrical
resistance. An oxygen molecule adsorbs to the surface of a spinel-ferrite-based sensor
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when it is exposed to air. In doing so, it accepts free electrons from the conduction
band and forms oxygen anions. In the presence of a reducing agent, such as CO, the
reducing agent reacts with the adsorbed O~ and releases the trapped electron into
the conduction band, lowering the resistance. In ferrite, a surface-controlled reaction
occurs, as shown in the following expression, in which oxygen from the air having
the test gas analyte is adsorbed and ionized from the surface.

Oz(gas) < Oz (ad) (D
Oy(ad) +e~ < O; (ad) 2)
0, (ad) + e~ <> O* (ad) 3)

This equation denotes the gaseous and oxygen adsorbed components, respectively,
as gas and ad. When reducing gases (R) are present, they may be absorbed at the
exterior of the sensor, as given in Eq. (4).

R < R(ad) 4

The reaction between the adsorbed gas and the adsorbed oxygen species, such as
O~ (ad) and O, (ad), continues according to Eqgs. (6) and (7).

R(ad) + O~ (ad) < RO(ad) + e~ (5)
R(ad) £ 0>~ (ad) < RO(ad) + ¢*~ (6)
RO(ad) <> RO(gas) (7

Exposure of the target gas (reducing gas) to n- and p-type metal oxide sensors
results in a change in resistance, as shown in Fig. 2a.

Using ZnFe, 04 gas sensors, for example, acetone can be detected between (147—
397)°C and a reaction is triggered as shown in Eq. (7) and Fig. 2b.

C3HgO = 80~ — 3CO, + 3H,0 + 8¢~ (8)

When an analyte gas is exposed to adsorbed O, the gas reacts with the trapped
electron and donates it to the conduction band, resulting in a decrease in resistance.
As shown in Fig. 2b, an analogous reaction occurs when ZnFe,O,4 gas sensors detect
acetone (Eq. 8). On the other hand, if the target gas is an oxidant (acceptor), such as,
NO, Cl,, NO,, the reaction with chemisorbed oxygen ions leads to an increase in the
potential barrier by causing further electron loss from the depletion layer. As a result
of the described process, the conductivity of the oxide layer decreases, or in other
words, its resistance increases. There are differences in the reactions and adsorption



9 Ferrite Nanoparticles for Sensing Applications 155

Adsorbed targetgas Adsorbed target gas

(a) ox_\-‘gen.ior: /— O oxygen ion

L —
e i e

ST N
Conductionband ! = (' e

ol ()

Valence band h‘o h‘®

Oxygen
ambien

Resistance

Resistance

Gasin
Yok

n-type MOS sensor ~ p-type MOS sensor

O
¢ CO,+H,0

&. cmE t
@ e e CH;COCH;

Electron dcplcuun layer

Acetone

Fig. 2 a Diagram showing the change in sensor resistance when exposed to the target gas (reducing
gas) for n- and p-type metal oxide sensors. ©2012 Supab Choopun, Niyom Hongsith and Ekasiddh
Wongrat. Adapted from S. Choopun, E. Wongrat, N. Hongsith, in Metal-Oxide Nanowires for Gas
Sensors, INTECH Open Access Publisher, 2012, originally published under CC BY 3.0 license.
Available from: https://doi.org/10.5772/54385. b Schematic illustrating the acetone sensing mech-
anism of the ZnFe,O4 gas sensor. Reproduced with permission [25]. An illustration of chemisorbed
oxygen creating a depletion region in a ferrite particle. Copyright 2019, Ceramics International 45,
11,143-11,157 (2019). This diagram shows an example of chemisorbed oxygen forming a depletion
zone on a ferrite particle

processes that determine the sensing properties of distinctive gases. Oxygen species
play a crucial role in the process by supplying suitable reactants. The addition of
catalytically active compounds improves the sensing capability of the device.
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2.1.2 Spinel Ferrite Gas Sensors

Spinel ferrite is an excellent material for gas sensing due to its unique crystal structure
and high surface activity. The high activation energy of oxygen adsorption on the
surface of the material also allows it to react rapidly with reducing gases. According
to a study by de Oliviera et al., the enhanced gas sensing capability of ZnFe,O4
nanoparticles may be associated with the (110) surface having low reactivity to O3,
allowing reversibility and stronger gas response, thereby minimizing sensor surface
saturation [25]. In response to the urgent demand for high-performance gas sensors,
a comprehensive series of metal-doped mixed ferrite materials and heterostructure
gas sensor materials have been produced [26-33].

The operating temperature, humidity, and gas concentration can have a significant
effect on the gas sensor function of a ferrite. In addition, morphology characteristics,
including specific surface area, contact area, porosity, grain size, and grain stacking
and aggregation order, are also influential factors [34]. For example, the porosity of
the sensor plays an important role in determining sensitivity because the analyte is
absorbed by the porous pores on the surface of the sensor. Yadav et al. and Joshi
et al. have shown that the large pore size of the ferrite sensor affects its sensitivity
to LPG and ethanol, respectively [35, 36]. Specific surface area, which is the ratio
of total ceramic surface area to the mass of the ceramic, also affects gas sensing
properties. Gas sensing can be improved by materials with smaller particle sizes and
large specific surface areas [37, 38]. As a result, spinel ferrites have different gas
sensing properties depending on their nano/microstructure, such as nanoparticles
[33], nanorods [34], and micro/nanospheres [35]. Consequently, researchers have
considered the creation of special shapes and structures to achieve the desired results.

One of the most studied gas sensors is nickel/nickel-doped ferrites, which can
detect gasses such as LPG [39], acetone [40, 41], methanol [40], ammonia [42—
45], methane [46, 47], chlorine [48], trimethylamine [49], toluene [50, 51], carbon
monoxide [47], carbon dioxide [52, 53], nitrogen monoxide [54], nitrogen dioxide
[55], hydrogen [56, 57], hydrogen sulfide [48, 58, 59], and as well as humidity [10,
11, 60-62]. The earliest report on the use of NiFe,O4 thick films for gas sensing
is by Kamble et al., who synthesized nanocrystals using chemical co-precipitates
and screen-printed thick films [63]. They reported a maximum sensitivity of 96% to
1000 ppm Cl, at 60 °C and a reaction time of 12 min. Recently, an experimental and
numerical study by Kumar et al. compared the performance of a nanostructured nickel
ferrite (NiFe,O,) sensing layer based on its interaction with ammonia gas (NH3)
[42]. They synthesized nickel ferrite nanostructures auto-combustion synthesis [64].
The measured response of the sensor to a concentration of 1000 ppm ammonia at
410 K was 65.29%, while the simulated response at the same ammonia concentration
and operating temperature was 72%. They found that the nanocrystallite size of
the fabricated nickel ferrite material was the main reason for the increased sensor
response at lower concentrations of the target gas. Due to the smaller average crystal
size (17 nm), the surface of the sensor can interact more easily with the target gas.
Consequently, the adsorption of analytes on the sensor surface was significantly
higher. In addition, various studies have investigated the influence of substitution
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with copper [65], lithium [57], manganese [66], palladium [48], silver [67], tin [68],
zinc [69], and cobalt [70] on nickel ferrite.

Zinc ferrite (ZnFe,04) is another commonly used metal oxide semiconductor
that exhibits excellent gas sensing properties for reducing gasses. Numerous efforts
have been made to fabricate ZnFe,O, nanomaterials, metal-doped ZnFe,O4 mixed
materials, and heterostructure gas sensor materials [26, 71-77]. Recently, Li et al.
reported a typical one-step hydrothermal synthesis method for the preparation of
pure, ultrasmall ZnFe,O4 nanoparticles, which exhibited excellent selectivity for
NO, molecules [77]. ZnFe,O4-based sensors displayed a high response (Rgas/Rair =
247.7), a fast response time (T = 6.5 s), and fast recovery time (T = 11 s) to
10 ppm NO; at an ambient temperature of 125 °C. They demonstrated by theoretical
calculations that NO, molecules adsorb with a negative adsorption energy of 1.32 eV
and 0.35 electrons are transferred from the Zn and Fe atoms of ZnFe,04 to NO,
molecules during this process. In addition, the presence of an oxygen gap can also
lead to a higher adsorption energy and charge transfer between ZnFe, 04 and NO,.

Inrecent years, there has been an explosion of research in the field of spinel ferrites.
This is due to their superior sensing performance, ease of fabrication, low cost, and
sensitivity to a variety of flammable, explosive, toxic, and harmful reducing gases. In
addition, the commonly used nickel ferrites and zinc ferrites, there are several other
ferrites and their combinations (cobalt ferrite and doped cobalt ferrites [36, 78—
84], copper ferrites and doped copper ferrites [85-92], cadmium ferrites and doped
cadmium ferrites [89, 93-98], magnesium ferrites and doped magnesium ferrites [99—
105], manganese ferrites and doped manganese ferrites [106—110], and lithium and
doped lithium ferrites [57, 87]) are widely used in the development and application
of various nanostructure materials for gas sensors. Table 1 showing the optimal
parameters for several metal ferrites used as gas sensors is provided below. For gas
sensing to work effectively, consistent nanostructure and morphology are critical.
Therefore, spinels with controllable morphology are being studied in increasing
detail. Currently, only a few of the common spinel structures have been studied in
detail. The synthesis temperature and reaction time of most spinel structures prohibit
their use in gas sensing. Therefore, the ability to effectively control the morphology
of the material and improve the gas response should be further developed in spinel-
type materials. There are also several factors that complicate the spinel structure,
including the low accuracy of the theoretical model of gas sensing. Therefore, more
detailed research is needed to better understand the mechanism.

2.1.3 Spinel Ferrites as Humidity Sensors

Humidity and its monitoring are of critical importance in the pharmaceutical and
drug industries. Given the importance of humidity measurement, the research of
Petrila et al. led to the development of copper—zinc spinel ferrites in which iron was
replaced by tungsten [154]. In a similar context, Zafar et al. developed TMBHPET,
a thin-film spinel—cobalt—ferrite nanoparticle with a high and sympathetic potential
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for measuring relative humidity [155]. Naik et al. disclosed exactly how the sensi-
tivity of copper—ferrite nanoparticles could be improved by substitution with bismuth
[156]. The developed material possessed a high sensitivity factor at both low and high
relative humidity, allowing direct practical application in industries where humidity
monitoring is one of the critical factors. In exploring the moisture-sensing proper-
ties of spinel ferrites, Patil et al. developed magnesium-substituted zinc ferrites as a
nanomaterial that utilizes the principle of adsorption in humidity sensing [157]. The
developed nanoparticles were found to be highly sensitive in the range of 40-75% of
relative humidity. In another exciting moisture-sensing study, Priya et al. developed
a MgFe,0,4-based ferrite material using citric juice-assisted green synthesis tech-
niques [158]. The developed ferrites were found to be sensitive to a broader range of
10-95% relative humidity. In another study, Jeseentharani et al. developed a series
of spinel ferrites (MFe,0O4, where M includes cobalt, copper, magnesium, nickel,
and zinc) [159]. All the ferrites were properly characterized by the group, and it was
found that among the developed ferrites, the zinc ferrites have the highest sensitivity
with a very high recovery time. Rana et al. reported gadolinium-substituted spinel
ferrites in a similar context using a chemical co-precipitation technique [160]. The
developed material was investigated for its conductivity-based moisture measure-
ment capability, which was found to be sensitive in the range of 10-80% relative
humidity. Hiremath et al. also investigated the doping effect of rubidium on magne-
sium ferrites on their moisture measurement capability [161]. The group found that
the doped ferrites were sensitive and stable with minimal hysteresis, making them an
effective material for moisture-sensitive devices. A similar doping effect of lithium
and cobalt on the sensitivity of ferrites to moisture measurement was observed by
Ateia et al. [162]. Based on their studies, the group concluded that the developed
material could be used in commercially available humidity sensors. In another doping
experiment, nickel-magnesium spinel ferrites doped with yttrium were fabricated
by Rao et al. for humidity sensing [163]. The group found that the doped sensors
were very sensitive and stable over a wider range of relative humidity for up to six
months. In addition, the sensing properties of zinc-based spinel ferrites were explored
by Nitika et al., who investigated the moisture sensitivity of the spinels they devel-
oped at different annealing temperatures [164]. The group found high to excellent
sensitivity of their advanced materials when annealed at 700 °C, due to increased
crystallinity and decreased lattice strain.

2.2 Bio and Chemical Sensors

Due to their excellent absorption properties for electromagnetic waves, spinel ferrites
are employed in the field of chemical sensing. In the following subsections, important
highlights and recent advances of spinel ferrites in the detection of organic and
inorganic chemicals as well as in the detection of pharmaceuticals are presented.
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2.2.1 Spinel Ferrites as Chemical Sensors

Spinel ferrites are used as sensors due to their selectivity and sensitivity to various
organic and inorganic chemicals. Among the critical recent advances in this field is
the work of Chapelle et al., who have developed a copper oxide-based spinel ferrite
to detect carbon dioxide through a combination of in situ reduction techniques and
afterglow in air [127]. The developed sensor was sensitive enough to measure the
concentration of carbon dioxide present up to 5000 ppm effectively in the atmo-
sphere. Another example is the development of graphene oxide nanoparticles made
with zinc-containing spinel ferrite nanoparticles by Tajik et al. [165]. The group used
the application of the same for the detection of Sudan I, which is considered hazardous
and carcinogenic and can irritate eyes, skin, or respiratory tract in the atmosphere.
The sensor formed was effective in recording the oxidation of Sudan I and helped
in detecting traces of Sudan down to a threshold of 0.02 WM. In a similar context,
Gunasekaran et al. reported the Co,Fe;_,O4 cobaltites as ethanol sensing materials
[166]. The developed powders were deposited on alumina substrates and analyzed for
their response under ethanol gas pulses. Similarly, a nanocrystalline spinel of zinc-
substituted cobalt ferrite (Zn,Co;_,Fe,04) was developed as an efficient ethanol
sensor by Powar et al. [37]. The thick ZCF developed achieved maximum gas
response and selectivity for 100 ppm ethanol at 30 °C. In addition, a zinc ferrite
(ZnFe,04)-based nanostructure with the potential to detect ethanol was developed
by Nemufulwi et al. [167]. The ethanol sensor is of critical importance because
it has applications in numerous fields such as chemical reactions, ethanol biopro-
duction, breath analysis, and food quality control. Another persistent chemical is
formaldehyde, a volatile organic compound that has been linked to numerous health
risk factors, including sick building syndrome. The WHO has mandated a limit of
0.08 ppm formaldehyde for a 30-min exposure, above which fatal effects, including
death, have been reported. To successfully detect formaldehyde in the atmosphere,
Rahman et al. developed spinel ZnFe,O4 nanorods using formaldehyde as a model
compound [168]. The performance of the chemical sensors showed better stability,
higher sensitivity, and repeatability. Another chemical, phenylhydrazine, whose high
exposure is associated with nausea, vomiting, headache, dizziness, fatigue, and long-
lasting allergies. Therefore, to monitor its concentration, Al-Heniti and his group
developed Cdj sMg sFe,O4 cadmium-based ferrite nanoparticles using a simple co-
precipitation method [169]. The fabricated sensor showed a high sensitivity of 7.01
WA mM/cm? with a detection limit of 3.125 mM in 10.0 s. In another study, Katowah
et al. reported a poly(pyrrole-co-toluidine) copolymer and cobalt ferrite (CoFe,04)
as an electrochemical sensor for the selective detection of lead using the in situ
oxidative polymerization technique [170]. The concentration of lead in air should be
less than 0.1 jLg/m>. When this limit is exceeded, lead exposure is associated with
damage to various body systems, including the nerves, kidneys, immune system,
and reproductive organs. Exposure to lead is also associated with decreases in blood
oxygen capacity.
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2.2.2 Spinel Ferrites as Biosensors

The development and progress in nanoparticles are leading to the advancement in
sensitive biosensors, which are finding wider applications in various fields such as
medical research, drug development, and therapeutics [171]. Magnetic nanomaterials
are often used as a source for biosensing due to their magnetic behavior. The latest
instrumentation tactics are widely used for magnetic materials detection and sensing.
Some biosensors use magnetic nanoparticles as markers and sensing methods, such
as (i) magneto-resistive sensor: In these sensors, magnetic particles are attached to the
surface of the sensor, which changes the magnetic fields and ultimately leads to elec-
trical changes in the sensor [172, 173]. (ii) Magnetic relaxation switches (MRSw): In
these sensors, the targeted aggregation/disaggregation of magnetic nanoparticles is
used to identify biomolecules [174, 175] (Table 2). (iii) Magnetic particle relaxation
sensors: These sensors utilize the relaxation of magnetic moments in the particles
[176]. The relaxation is the basis of this assay [177, 178].

Nowadays, metal oxide nanoparticles are widely used to develop low-cost glucose
biosensors. Monunith et al. reported polyethylene glycol (PEG) grafted manganese
ferrite (PEG-MnFe,0O,4) nanoparticles for glucose sensors (enzymatic and non-
enzymatic) [183]. They found that GO,@ PEG-MnFe,0, had higher selectivity
for glucose than other interferents and that this enzymatic sensor had better repro-
ducibility and lifetime. Sakthivel et al. developed spinel-nickel ferrite, NiFe,O4
nanosheets (NiFe,O4 NSs) [184]. They reported selective electrocatalytic reduc-
tion of hydrogen peroxide with nickel ferrite. NiFe,O4 nanosheets were employed
for estimation of H,O, in human blood and rat brain serum samples. Sarala et al.
prepared and reported that the efficacy of nickel ferrite (NiFe,O4) against breast
cancer (MCF-7) cell lines was investigated using an MTT assay [185]. The detection
of trace acetone gasses is important for the diagnosis of diabetes. In this sequel, Zhou
et al. developed zinc ferrite (Zn,Fe;_,0O,4) sensing materials that showed signals for
trace acetone in the breath of diabetic patients [186]. Similarly, rosuvastatin was
detected in human plasma using p-CuFeO, NPs. The developed chemical sensor
showed appropriate oxidation behavior for ROS oxidation from 0.2 to 22.0 nM with
0.077 nM LOD [187].

Table 2 Magnetic nanoparticles used for biosensing applications

Particles Size (nm) Composition Characteristics References

MP 1000 Dynabeads MRSw [179]

Iron oxide 56 Quantum magnetics SQUID [180]

Cubic FeCO 12.8 Oxidized shell GMR [181]

Magnetic beads 130, 250 Micromod SQUID [182]
Partikeltechnologie
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2.2.3 Spinel Ferrites as Pharmaceutical Sensors

Pharmaceuticals are vital to humans, but their misuse and unethical disposal are
responsible for environmental pollution that has negatively impacted human health.
Therefore, the need to detect these pharmaceuticals in the environment is a very
important and critical aspect. Spinel ferrites have also proven to be effective and
sensitive sensors for the detection of pharmaceuticals in the environment. An impor-
tant example of this is the study by Hasanpour et al., who developed a voltammetric
sensor based on copper ferrite spinels embedded in multi-walled carbon nanotubes
[188]. The developed sensor was able to detect dacarbazine as it oxidized. Although
dacarbazine is used as an anticancer agent, it is also an irritant and can cause hyper-
sensitivity reactions in patients with liver failure that can be severe to fatal. The
voltammetric sensor developed proved to be extremely sensitive, being able to detect
dacarbazine at concentrations as low as 0.08 pmol/L. Osman et al. synthesized spinel
BagsCog sFe, 04 nanoparticles using thermal glycol technique for potential appli-
cation as an electrochemical sensor for ciprofloxacin [189]. Furthermore, Morales
et al. reported Cug3Co¢7Fe,O4-based spinel ferrite and its application as an elec-
trode modifier [190]. The developed ferrite showed excellent electrocatalytic activity,
leading to a possible usage as an electrochemical sensor for N-acetyl-p-aminophenol.
In another study, Taei et al. presented the preparation of magnetic cobalt ferrite
nanoparticles (CoFe;0,4) and multi-walled CNTs for the rapid and sensitive detec-
tion of doxorubicin [191]. Chemicals such as diclofenac and morphine are simulta-
neously detected with spinel MgFe,0O4 nanoparticles. The MgFe,04-based sensor
has been used to enrich morphine and diclofenac in serum and urine samples [192].

2.3 Spinel Ferrites as Temperature Sensors

Temperature sensors play a key role in many technical applications. In daily life,
we use various technologies such as smartphones, thermometers, microwave ovens,
and refrigerators in which temperature sensors are used. The development of ferrite
temperature sensors for biomedical applications can help monitor the local temper-
ature in a living body. Local temperature is an important parameter to study of
health problems in a living body. For example, thermal imaging (temperature scan-
ning) is used in medical diagnostics, which can help detect metabolism and various
medical problems such as inflammation or tumors in a living body [193-195]. To
measure local temperature of a body, several magnetic resonance imaging-based
thermometry (tMRI) methods have been employed [196]. Among these, most accu-
rate and widely used method is proton resonance frequency (PRF) [197]. While
this method achieves an accuracy of 1 °C for immobile tissue, it has its limitations
when working with adipose tissue because of its sensitivity to tissue movement in
the body [195]. To solve these problems, suitable magnetic contrast agents have
been proposed that have a temperature-dependent magnetic moment. The magnetic
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moment of these particles changes with local temperature, resulting in a temperature-
dependent local inhomogeneous field and changing the width of the nuclear magnetic
resonance (NMR) signal, which is reflected in the intensity of the MRI signal. Since
the field strongly depends on temperature, the determination of the absolute temper-
ature can be done from the intensity of T, weighted MRI images [198]. Easy tuning
of magnetic parameters (such as magnetic moments and Curie temperature) and
their biocompatibility enable ferrite nanoparticles to find a special place in MR
thermometry applications. Various ferrites nanoparticles such as iron-based ferrites
(Fe30y4, Fe,03), Ni—Zn ferrite, Mg—Zn ferrite (Mg, _,Zn,Fe;04), and Cu—Zn ferrites
(Cu;_,Zn,Fe;04) have been investigated for MRI temperature sensors [198-200].
To develop MRI temperature sensors, two properties of ferrites should be carefully
studied: magnetic properties and toxicity (biocompatibility). To obtain MRI images
with high-temperature resolution, the ferrite nanoparticles should have their Curie
temperature close to the temperature range of interest (usually the temperature of
body) and have a strong temperature dependency on magnetization, which can be
determined by magnetic measurements. As for the toxicity of ferrites mentioned
above, Mg—Z7n ferrites have been reported to have low toxicity and are the most suit-
able candidates for tMRI [195, 198, 200, 201]. Thus, in the remainder of part, we will
review various properties of Mg—Zn ferrites as representatives of ferrites. It has been
reported that Mg ferrite (MgFe,O,) shows Curie temperature of 713 K along with a
saturation magnetization value of 27 emu/g [202]. The high Curie temperature of Mg
ferrite makes it impractical for tMRI [203]. Therefore, the researchers replace Mg
with Zn, which lowers the Curie temperature of Mg—Zn ferrites (Mg;_,Zn,Fe;0y4)
[198]. The Curie temperature and saturation magnetization can be tuned by varying
the Zn concentration, which is caused by a change in the distribution of cation
between tetrahedral and octahedral sites. Therefore, it is important to monitor and
control the cation distribution during the development of ferrite composition to obtain
the best possible ferrite for tMRI applications. The reports show that the cation
distribution in ferrites can be analyzed by X-ray diffraction, and then the magnetic
properties can be analyzed by Moessbauer and magnetometry studies [198].

Figure 3a shows the Mossbauer spectra of MgFe,O4 and one of the Mg—Zn
composition [(Mgo36Zng64)0.8Fe2204], recorded at temperatures of 80 and 300 K,
respectively. The data were fitted using input parameters obtained from Rietveld
refinement of XRD patterns and are shown by solid lines [198]. From the Moess-
bauer spectra, it appears that there are well-defined absorption peaks that were fitted
to determine the value of the hyperfine field (By) and to analyze the sites occupied
by Fe** cations (A) and [B]. Despite the additional Fe cations per formula unit in
[(Mgo.36Zng 64)0.8Fe22,04] compared to its parent MgFe, O, ferrite, the Moessbauer
spectra (Fig. 3b) show arelaxation character suggesting a lower blocking temperature
than that of the MgFe, Oy ferrite.

To know the temperature dependence of magnetization and the Curie temperatures
of Mg—Zn ferrites, the magnetization measurements must be performed. Figure 3c
shows magnetization measurements of Mg—Zn ferrites as a function of temperature
and Zn concentration. From Fig. 3d, the magnetization has a strong temperature
dependence, which makes these ferrite nanoparticles suitable for tMRI.
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Fig. 3 Mossbauer spectra of a MgFe;O4 and b Mg—Zn ferrite [(Mgo36Zno.64)0.8Fe2204]
performed at 80 and 300 K. The solid line in the graph shows fitting of the data. Reproduced
with permission from [200]. ¢ Magnetization as a function of temperature at applied field of 3 T
for Mg _,Zn,Fe;04 and d Zn concentration dependence of Curie temperature. The inset shows
magnetization as a function of temperature at 2mT field

Mg-Zn and Cu—Zn ferrite nanoparticles with polydispersity of 0.402 and 0.640
and size of 742.2 & 5.2 and 715.5 £ 126.9 nm, respectively, were investigated for
toxicity by Alghamdi et al. [198], as reported by the authors, after 24 h, there were no
statistically significant differences in mitochondrial function between macrophages
exposed to different types and doses of nanoparticles. This shows that exposure of the
sample has no effect on cell viability. However, the cell responses to these particles as
inflammation show that Mg—Zn ferrites are better than Cu—Zn ferrites, and therefore,
in terms of toxicity, Mg—Zn ferrites are good candidates for tMRI applications.

After checking the suitability of ferrites, one can have these ferrites examined by
MRI. Figure 4 shows axial MRI images of the phantom as a function of temperature
taken with an agar gel phantom based on Ringer’s solution for three representative
Cu—Zn ferrites (Cu;_,Zn,Fe,O4) with x concentration 0.65,0.70, and 0.73 [195]. The
authors observed a clear dependence of MRI brightness on temperature—brightness
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x=0.73

x=0.65

4.3 °C 25.0C 50.6°C

Fig. 4 MR image as a function of temperature for a phantom Cu—Zn ferrite (Cuj_,Zn,Fe,O4) with
x concentration 0.65, 0.70, and 0.73

increases with temperature. Moreover, the image brightness is also influenced by the
ferrite composition and the molar concentration of the nanoparticles [195]. Therefore,
the temperature dependence of magnetic nanoparticles plays a crucial role in tMRI.

Some ferrite materials, e.g., Cug3sZnge¢sFe;O4, have also been found to be
promising for magnetic cooling, as these materials have very large relative cooling
power (RCP) [204, 205].

2.4 Stress Sensors

Stress is a mechanical property of solids and is defined as force per unit area. Mechan-
ical stress is used for the development of various sensors. These sensors are in high
demand in emerging technological applications such as medicine, robotics, and the
automotive industry. One of the phenomena used in the stress sensor is magnetostric-
tion. Change in dimensions of a magnetic material upon application of a magnetic
field is defined as magnetostriction [206]. Change in dimensions of the materials is
due to rotation of domains and movement of domain walls when external magnetic
field is applied. The dimensions can either expand or contract, and therefore, the
materials are referred to as positive or negative magnetostrictive materials. Since
magnetostriction is due to the coupling between magnetic and elastic force, appli-
cation of these materials in stress sensors is great for scientific and technological



9 Ferrite Nanoparticles for Sensing Applications 169

Table 3 Comparison of magnitude of magnetostriction (1) and dA/dH in some promising ferrite
compositions

Composition Magnetostriction (A) in ppm | (dA/dH Ymax (107 A~ 'm) | Reference
CoFey04 —212 1.37 [212]
Coi1.1Gep1Fe1 804 | — 241 —26 [212]
Coy 1Al Fe; 904 | — 140 —29 [212]
CoMng2Fe; 304 — 234 - 1.78 [213]

developments. Co-ferrites have emerged as promising candidates for application
in stress sensors due to their large magnetostriction effect, strong stress sensitivity,
high Curie temperatures, low cost (compared to rare earth-based materials), chemical
stability, and robustness [207, 208]. Researchers have also replaced Co-ferrites with
various transition metal elements [some of which are listed in Table 3] and studied
their magnetoelastic properties [207, 209, 210]. For sensors based on magnetostric-
tion, the slope of the magnetostriction (A) with the magnetic field (H) d\/dH is the
crucial parameter, since it gives the sensitivity of the magnetic induction to stress
(dB/d) [211].

2.5 Magnetoresistance Sensors

In the current time, magneto-electronics plays a key role in sensor applications.
Popular among them are magnetoresistance sensors (MR). The property of change
in electrical resistance when magnetic fields are applied in magnetic materials is
called magnetoresistance. It is generally defined as the change in resistance with
respect to the resistance in a magnetic field [214-216]. The formula for MR is given
as follows:

AR _ R(H)—R(H =0)

MR = —— , &)
R R(H)

where R is the electrical resistance of a material and H is the applied magnetic field.
The large change in the electrical resistance of a material or device upon application
of external magnetic field is of great technological importance for the development of
many types of sensors (such as biosensors, magnetic sensors, and navigation sensors)
and memory [214].

There can be different types of MR effects, some of which are widely used in
technological applications are described as following:

1. Anisotropic magnetoresistance (AMR): This is the first MR effect reported by
Thomson in 1857 [217]. The magnitude of AMR in a sample depends on the
relative direction of magnetization to the applied current. It has been observed
that the electrical resistivity of a ferromagnetic material is maximum when the
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direction of the applied current coincides with the magnetization, and minimum
when the current and magnetization directions are at right angles. However, the
reverse trend is also observed for some materials. Thus, it may also depend on
the materials. The AMR effects are comparatively small (less than 5%).

2. Giant magnetoresistance (GMR): GMR has greater impact than AMR [218,219].
The discovery of GMR effects led to intensive research in the field of magnetic
sensors and devices. This led to a new emerging branch of electronics called
spintronics, where researchers can benefit from both electron and spin proper-
ties. Before the discovery of GMR, AMR effects were used for magnetic sensors
and memory. GMR is observed in a multilayer system having two ferromagnetic
layers, which are separated by a non-magnetic metallic layer. Figure 5a shows a
schematic of a multilayer system that produces the GMR effect. When the current
is applied, the electron moves from one magnetic layer to the non-magnetic layer
and reaches the interface of the second magnetic layer (depending on the thick-
ness of the non-magnetic layer). Now, if the magnetization in the second magnetic
layer has the same orientation as that of the first (ferromagnetic coupling), the
electron enters the second magnetic layer, resulting in low resistance. On the
other hand, if the magnetization of the second layer is antiparallel (antiferromag-
netic coupling), the electron is scattered, resulting in a high resistance. In this
way, one can represent a low and a high resistance as 0 and 1, and this property
is used in sensors and devices.

3. Tunneling magnetoresistance (TMR): A device in which a thin insulating layer is
sandwiched between two magnetic layers (as shown in Fig. 5a) is called a tunnel
junction. The electron tunnels through the insulating barrier in such structures
and the effect are called tunneling magnetoresistance [220, 221]. The TMR value
depends on the spin polarization in the magnetic layers—the higher the spin
polarization, the larger the TMR effects. In general, the TMR effects are larger
than the GMR effect.

As mentioned earlier, MR effects can be used to develop various types of magnetic
sensors and storage devices. The advantage of magnetic sensors over others, such as
electrical, is that they have less background noise and therefore have a good signal-
to-noise ratio. To exploit this potential, it is very important to search for different
materials that can exhibit greater MR effects. Among the various magnetic materials,
ferrites such as Fe; Oy, FeTi,O4, Mn-doped Fe, 04, and Fe; _,Cu,Cr,S4 nanoparticles
exhibit interesting magnetoresistive properties and are promising for magnetic and
MR-based sensors [222].

Cancer in various parts of the body is very common nowadays, which can also be
life-threatening. Early medical examination and detection of these cancer cells is very
important, and for this purpose, biosensors can be a life-saving tool. Using magnetic
Fe; 04 nanoparticles on an InSb semiconductor channel, Kim et al. demonstrated a
GMR-based biosensor as shown in Fig. 5b, ¢ [223]. The authors reported that Fe;O4
NPs were linked to the target antigen by the selective antibody in the reagent solution,
and a detection antibody fixed on an InSb channel selectively bound to the complex
of antigen, antibody, and Fe;O4 NPs [223]. Due to the Lorentz force, a static field is
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Fig. 5 a Schematic for GMR and TMR multilayer structures. b Schematic of MR-based InSb
biosensor using ferrite nanoparticles. ¢ Fabrication of deice and different sensing process.
Reproduced with permission from [182]

generated by the detected magnetic nanoparticle and the generated field changes the
resistance of the InSb semiconductor channel. The change in resistance due to the
magnetic field, i.e., magnetoresistance, provides the antigen concentration, which is
proportional to the number of Fe3O4 nanoparticles on the sensor surface. It has been
shown that the sensor can detect antigen concentrations as low as 1 pg/ml and has
good selectivity and reusability [223, 224]. The sensor can be used to detect antigens
from blood sample in liver cancers. The GMR-based biosensor with Fe;04 NPs was
developed by Chen et al. for the early detection of gastric cancer cells [225, 226]. In
addition to biosensors, MR-based ferrite nanoparticles are also used in spintronics
and other magnetic applications [227, 228].

2.6 Ferrites as Components of Optical and Plasmonic Sensors

Nanotechnology focuses on the development of materials with superior electrical,
optical, biological, and magnetic properties. Magnetic nanomaterials are of particular
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interest among nanomaterials with additional properties due to their unique physic-
ochemical structure and the numerous applications associated with modulating the
size distribution, magnetic moment, and many other properties of magnetic nanoma-
terials. The application of magnetic nanomaterials varies significantly depending on
their size and other characteristics, such as their surface properties [229, 230]. For
example, magnetic nanoparticles (MNPs) smaller than 28 nm exhibit superparamag-
netic properties suitable for biomedical applications, while MNPs larger than 28 nm
are widely used for electronic instruments and magnetic separation due to their
ferrimagnetic properties [231]. Magnetic and plasmonic NPs are most commonly
used by researchers for biomedical applications, but both have their limitations [232,
233]. Itis possible to improve the performance of the resulting material by combining
magnetic and plasmonic properties. A disadvantage of magnetic nanoparticles is their
tendency to corrode, aggregate, and be toxic in water, while plasmonic materials are
limited by their low biological sensitivity. By combining magnetic properties with
plasmonic materials, a highly sensitive hybrid can be produced. Magneto-plasmonic
(MNP) particles exhibit both magnetic and plasmonic properties, and the interac-
tion between the plasmonic shell and magnetic core leads to symmetric effects in
bioimaging and thermotherapy. In their study, Hat et al. showed that Fe;O4 nanopar-
ticles coated with Au shell exhibited a decrease in saturation magnetization from
(64.9-59.2) emu g~'. A similar trend was observed by Zhou et al. However, there
was no change in coercivity in either case, indicating that the magnetization of Fe;04
nanoparticles is not affected by the addition of Au [234-236]. MPNs can be classified
into three categories based on their chemical structure: pure metals, metal oxides,
and magnetic nanocomposites. The classification of MPNs for various applications
is shown in Fig. 6.

SERS specs

Applications for the detection of proteins,
cells, toxins, drugs, microorganism, illegal
additives, antigens, pesticides, and genes

E mosiloring.
applications, food anatysis

Cell and p
biomedical and pharmacological analyzes

The analysis of raw material and product
quality in food, pharmaceutical and
agriculiural industries, therapy and imaging

= ¥

‘E‘—'Uﬁ"f?'

Fig. 6 Biomedical and environmental applications of optical (bio)sensor systems with magnetic
nanoparticles (MNPs). Reproduced from [237] originally published under CC BY 4.0 license
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Due to their instability and wide size distribution, metal MPNs are less commonly
used than metal oxide MPNs. In addition to structure, environment and fabrica-
tion techniques also affect the properties of MPNs [238, 239]. Chemical methods
or ‘bottom-up’ synthesis processes are commonly used to synthesize MPNs, such
as high-temperature thermal decomposition, flow injection synthesis, electrochem-
ical methods, and sol-gel synthesis [238, 240]. Chemical methods are preferred
over physical methods because they provide controllable process conditions, while
microorganism-based approaches, such as bioreduction, allow large production
volumes, stability, reproducibility, and high yields. The fabrication of multifunctional
composites, such as Fe;O4 @ Au and Fe;04@Ag, involves two processes: (1) immo-
bilization of the core and (2) core—shell structure [241-243]. The term ‘biosensor’
refers to a device that consists of a transducer and a biological sensing element [244].
Biosensors use physical, chemical, optical, electrochemical, and thermal processes
to convert the signal obtained from biological interactions into information [245—
247]. Electrochemical and electrical transducers are the most advanced transducers
used in biosensors. However, these systems suffer from the limitations of using
oxidizing/reducing agents [248]. Optical biosensors based on optical transducers
play a prominent role in the field of sensing due to their high detection accu-
racy and cable-free design [244, 248]. The optical biosensor is capable of multi-
plex detection, remote sensing, and immunological electromagnetic interference.
Sensors based on absorption, surface plasmon resonance (SPR), and photolumi-
nescence provide a next-generation optical biosensing platform [235, 249-251].
Surface-enhanced Raman spectroscopy (SERS), fluorescence spectroscopy, near-
infrared spectroscopy, and SPR are among the optical sensing techniques that utilize
MPNSs [232, 237, 252-256].

An important aspect of nanophotonics is plasmonics, which explains the enhance-
ment of the optical near field in the subwavelength range by the interaction between
electromagnetic radiation and conduction electrons in metallic nanostructures [257—
260]. Plasmonics describes the confinement of electromagnetic waves in a dimension
equal to or smaller than the wavelength [261, 262]. The use of SERS as a plasmonic
detector for biomolecules has been intensively explored in the last decades. By using
SERS, the Raman signals from biomolecules can be amplified by several orders of
magnitude [233, 250, 263, 264].

2.6.1 Surface Plasmon Resonance Sensors

The SPR phenomenon is the result of a complex physical phenomenon caused by the
incidence of light on a conductive noble metal layer. It takes place at the interface
between a medium with a low refractive index (buffer) and a medium with a high
refractive index (sensor glass surface) [265]. A reduction in the amplitude of the
incident light occurs when free electrons in the metal layer absorb the energy of the
incident photons. In 1968, the SPR effect was successfully explained [266], while
this effect was not mentioned in the field of biosensors until fifteen years later, in
1983, by Liedberg et al. [267]. Before SPR, optical methods based on absorption
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Fig. 7 Surface plasmon resonance (SPR)—signal amplification with MNPs [272]. Reproduced
with permission of the Royal Society of Chemistry

and fluorescence were developed and used by researchers [268, 269]. SPR is limited
in its ability to detect low molecular weight and low concentration biomolecules,
but it is a viable method for detecting high molecular weight and high concentration
biomolecules. The use of MPNs in SPR sensing makes it possible to detect analytes
in complex samples [270, 271]. The basic principle of the SPR sensing system is
shown in Fig. 7. Using gold nanospheres modified with magnetic nanoparticles,
Sun et al. reported hollow biosensors for the detection of rabbit IgG [272]. Fe;0;4
MNPs were used to capture the target molecules from the medium. A polydopamine
solution was used to prevent the nanoparticles from agglomerating. Compared to
conventional SPR biosensors, the gold nanostructures were able to detect rabbit [gG
at a lower concentration than conventional biosensors. Comparing the SPR signals of
the hollow gold nanospheres with those of the magneto-sandwich immunoassay, an
eightfold increase was observed for the magneto-sandwich immunoassay compared
to the hollow gold nanospheres [273]. Another report describes the development of
an SPR biosensor based on immobilized AuNPs/MNPs conjugates and MNPs for
the detection of thrombin at a concentration of 100 nM. The SPR angular shift was
increased fivefold for the conjugated system of AuNPs and MNPs.

2.6.2 Near Infrared Spectroscopy Sensors
Near infrared spectroscopy (NIRS) is a type of vibrational spectroscopy that measures

the absorption of electromagnetic radiation in the range of 750-2500 nm [274]. A
series of absorption bands corresponds to the respiration of C—H bonds, C—O bonds,
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O-H bonds, and N-H bonds [275]. Both qualitative and quantitative analyzes of
molecules can be performed using these spectra. Compared to UV and visible radi-
ation, NIR radiation is less scattered and penetrates the body more easily, making it
ideal for obtaining information from inside the body [276]. This method is simple,
fast, and requires only a small amount of sample without pretreatment, making it
suitable for a variety of applications, including commodity analysis, pharmaceu-
tical testing, and agricultural testing [277, 278]. Functional NIRS has recently been
developed as a new generation tool, especially for biomedical applications such as
neuroimaging and glucose monitoring [279-282].

Due to the superior properties of magnetic nanoparticles, they are used in NIRS as
MRI and targeting agents by improving the therapy and resolution by improving the
therapy system and imaging. Zhou et al. used indocyanine green as an agent for NIR
imaging and Fe;O4 magnetic nanoparticles as an MRI agent [283]. In another report,
Yang et al. used Fe;04 MNPs modified with NIR dye for dual imaging involving NIR
and MRIimaging [284]. The Fe;04 MNPs modified with NIR dye conjugates showed
better response than conventional dyes. In addition, the researchers observed high
MRI sensitivity, good structural stability, and efficient NRI signals with polymer-
coated MNPs. A combination of polyrol and Fe;O4 magnetic core was used by the
researchers to develop a strategy for cancer therapy and imaging, as shown in Fig. 8
[285]. When the magnetic field is applied, the Fe;O4 magnetic core is used to target
the tumor, while the PPY shell is used as an NIR absorber for photothermal ablation
of the tumor while preventing the release of Fe?*/Fe** from the Fe;04 MNPs [286].
Huang et al. used Fe;O4 MNPs coated with Chlore6 on their surface for imaging
and therapy of Gastric cancer [286]. Cho et al. designed an injectable hydrogel
and collagen nanocarrier for phototherapy, drug delivery, and imaging. Magnetic
nanoparticle-mediated NIRS has also been used to detect pathogens [287]. Plasmon
absorption, magnetic separation, and thermal ablation were used to simultaneously
detect multiple pathogens in a single sample using gold nanorods and Fe;O4-based
multifunctional biosensors [288-290]. Fe;O4 nanoparticles were used for pathogen
taring, imaging, and subsequent photothermal therapy, but gold nanoparticles were
used for multiple detection because of the plasmonic property of gold [273, 291].
Lee et al. developed a hydrogel-based thermosensitive microrobot for drug delivery
by using NIR stimuli [292]. The fabricated microrobot efficiently performed drug
delivery for the treatment of cancer cells through in vitro assays with Hep3B cells
by using NIR and electromagnetic stimulation.

2.6.3 Fluorescence Spectroscopy and Imaging

Magnetofluorescent materials are of particular importance due to their optical prop-
erties, e.g., in bioimaging and bioimaging of fluorescent materials combined with
the possibility of magnetic field guidance [292-294]. Fluorescent materials are suit-
able for biological applications due to their robust optical and chemical properties
[295-298]. Because of their high sensitivity, fast response, and low cost, fluorescent
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particles are also useful for sensing applications. However, they also have the disad-
vantage of inevitably emitting false signals due to nonspecific adsorption. There-
fore, magnetic particles are used to separate the target from complicated matrices to
avoid false signals. Magnetoflourometric sensing methods are used to detect a wide
range of substances, including toxins, drugs, heavy metals, bacteria, cells, DNA, etc.
[299-301]. Liu et al. used magnetic fluorescent materials for the separation of DNA
[302]. The use of these materials increased the adsorption capacity and reduced
the amount of material needed for the experiment. In another report, MNPs were
used as concentrating agents in combination with dye-doped silica nanoparticles
for fluorescence [303]. Laser-induced fluorescence microscopy was used to detect
the target, and an improvement in the detection limit was observed compared with
conventional methods. Zarei-Ghobadi et al. proposed genosensors for DNA detec-
tion by using photoluminescence quenching of fluorescent quantum dots in the pres-
ence of magnetic nanoparticles with large surface area suitable for quenching [304].
Because of their high biocompatibility, low cost, and high adsorption capacity, these
biosensors are useful for biosensing. A novel magnetofluorescent material was devel-
oped for the detection of mycotoxins by combining NaYF,: Ce/Tb a with Fe;0y.
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This nanocomposite was stable, specific, fast, and practical. The scheme for the
magnetofluorescent assay is shown in Fig. 9 [305]. In addition, the researchers used
nickel powder enclosed in microchannels to generate a local magnetic field. This
study documents the use of red fluorescent MNPs in biology, chemistry, and tissue
engineering [306, 307].

2.6.4 Surface-Enhanced Raman Scattering Sensors

SERS is a surface sensitive technique used for the detection of analytes at very
low concentrations and with high molecular sensitivity [233, 308-312]. The inter-
action between incident light and nanostructures is the foundation of SERS. It is
based on the surface plasmon-induced amplification of molecular Raman scattering
[313]. This technique is also suitable for the detection of single molecules and
provides finer details of the chemical structure and confirmation [314]. The ampli-
fication of the Raman signal is contributed by the electromagnetic enhancement
due to the effect of the electromagnetic field of the target stimulated by surface
plasmons of the nanostructures, and another contribution of the Raman signal is
provided by the chemical enhancement [315]. Electromagnetic enhancement is the
main factor of molecular Raman scattering; therefore, high enhancement factor in
Raman spectra can be achieved by changing the optical properties. SERS selectivity
and sensitivity are affected by the size, shape, and composition of nanostructures
[316-319]. SERS substrates are used for the detection of microorganisms, cells, and
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environmental pollutants because of their high selectivity and sensitivity [320-326].
Magnetic nanoparticles are particles whose properties can be manipulated by an
external magnetic field and whose size ranges from 1 to 100 nm [327]. Due to their
excellent physicochemical properties, magnetic nanoparticles are used for biosensing
and many other fields [328, 329]. However, due to their high chemical activity, these
particles tend to agglomerate or oxidize, so their functionalization improves their
stability. It is possible to overcome the limitations of MNPS by combining them
with plasmonic nanostructures. In general, MNPs are used in SERS applications in
two different ways. In the first method, they are used as a capture probe for purifi-
cation, separation, and enrichment, and then participate in the detection process by
interacting with the SERS component. In the second approach, a SERS modified
magnetic core is used in conjunction with a plasmonic component, such as a silver
or gold shell, as both a capture probe and a SERS probe. Although this approach
has several advantages over the previous ones, depending on the type of analysis
to be performed, another approach may be more appropriate [238]. Zengin et al.
used hybrid MNPs as probes and polymer functionalized Au nanoparticles as SERS
substrates. This MNPs sandwich assay was then used for the detection of tau protein,
with a detection limit of about 25 fM [330]. In another report, detection of microRNA
was performed using functionalized magnetic nanoparticles (Fe;04@Ag) [331].
However, researchers have extensively studied the various synthetic methods for
the preparation of MNPs and the use of MNPs in SERS, and there is still much scope
for further applications of MNPs in SERS.

3 Conclusions and Outlook for MNP Sensors

An overview of recent advances and trends in the fabrication of various sensors
based on spinel-ferrite materials is presented in this chapter. Recent years have seen
a great deal of interest in nanoparticle-based optical sensing systems based on MNPs
because of their unique properties, such as biocompatibility, low toxicity, chemical
stability, large surface area, and ease of fabrication. This field is still in its infancy,
but spinel ferrites have the potential to offer a wide range of applications. These
devices are ideal for detecting and quantifying species that are still poorly understood,
such as antibiotics and chemicals, using electroanalytical methods. Ferrite spinel
has been combined with 2D materials such as graphene and other substances to
produce remarkable results. In addition, plasmonic nanoparticles of noble metals can
be combined to produce sensors with excellent performance, opening up a wide range
of potential applications. Spinel-type ferrites are highly versatile gas sensor materials
that will find more and more industrial applications as technology advances. Ferrites
not only offer high sensitivity and selectivity but are also stable over the long term.
Although spinel ferrites have been widely explored as sensors, their properties have
not yet been fully explored, so further research is needed. In the near future, it is likely
that ferrite spinels will be used in many sensors incorporating new technologies.
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Chapter 10 ®)
Ferrite Nanoparticles for Energy Storage | <o
Applications

Samta Manori, Ashok Manori, and Ravi Kumar Shukla

1 Introduction

A rapid rise in the global population, scarcity of fossil fuels and increasing rate
of ecological pollution is leading us towards the high demand for utilization of
eco-friendly and sustainable energy resources. Supercapacitors, batteries and fuel
cells are among the major energy storage devices. These energy storage devices
must possess high power density, fast charge/discharge rates and long cycle life [1].
Ferrite nanoparticles (FNPs) are a member of a wide group of magnetic nanoparticles
which have attracted the interests of researchers across the globe owing to their
numerous applications in different areas such as biomedical, waste-water treatment,
catalytic and energy storage devices. FNPs are basically metal oxides consisting of
spinel structure having general formula AB,Oy, with A as divalent and B as trivalent
metallic cations located at two separate crystallographic positions. The tetrahedral
site is occupied by A while B occupies octahedral site [2]. These A and B cations are
coordinated to oxygen atoms tetrahedrally and octahedrally, respectively. Ferrites
must have at least iron (III) in their chemical formula. MnFe,O,4, where M = Mn,
Co, Ni, Cu and Zn, are some of the examples of ferrites. Most of the ferrites show
superparamagnetic (SPM) behaviour with size less than or nearly equal to 20 nm. A
single unit cell of ferrite consists of 64 tetrahedral and 32 octahedral sites for cations
[3, 4]. Distribution of metallic cations over these sites depends upon the affinity
of the cations towards these positions. This further depends upon various factors
like stabilization energy, ionic radii, size of interstices and synthesis conditions and
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methods employed [5]. The distribution of cations greatly influences the magnetic
properties of ferrites. The net magnetic moment of FNPs is the difference between
the electron spins which are parallel within each lattice site and anti-parallel between
two sub-lattice sites [6, 7]. The saturation magnetization values of FNPs having same
size and composition may thus vary if there exists any difference in distribution of
cations over both the sites. Depending upon the distribution of cations, three different
types of spinel structures can exist: normal, inverse and mixed. If we represent a
ferrite with general formula given by (Mffx) (Fei*) [M)%*Fegfx]04, where x is the
degree of inversion, B sites are occupied by ions which are inside the square brackets
and A sites are occupied by ions that are outside the square brackets. Here, the
value of x decides the type of spinel structure. For normal spinel structure, x =
0; for mixed spinel structure, 0 < x < 1 and for inverse spinel structure, x = 1
[8]. ZnFe, 04 is a normal spinel ferrite, while common examples of inverse spinel
ferrites are Fe;O4 and NiFe,O4. MnFe, 04 (Mng gFep, [Mng,Fe; g]04) is a mixed
spinel ferrite. Irrespective of their type, FNPs must acquire different properties for
different applications. For applications in the biomedical field, the FNPs should show
SPM behaviour at room temperature [9]. The FNPs must show remarkable reactivity,
high capacity for adsorption and optimum saturation magnetization values to ease
the removal of pollutants from water and waste water by external magnetic field [10].

For energy storage applications, various ferrites have been explored. Among
various spinel ferrites, Co and Ni ferrites are environment friendly, cost-effective and
show large magneto crystalline anisotropy and chemical stability and superior elec-
trochemical performance for supercapacitor [11]. Supercapacitors are categorized as
pseudo-, electric double layer-, and hybrid capacitors based on mechanisms used for
storing the charge. In case of electric double layer capacitors (EDLC), the electric
energy storage occurs at the interface of electrode and electrolyte, and hence, their
specific capacitance depends on the surface area of the electrode [12]. The reversible
faradic reactions taking place between electrode and electrolyte are the main source
of electric energy storage in pseudo-capacitors [13]. In EDLC, the electrodes are
made up of carbon-based materials like graphene, carbon nanotubes, etc., because of
their high electrical conductivity and surface area. The limitation with carbon-based
materials is their low specific capacitance value for which they avoided for any prac-
tical application [14]. In pseudo-capacitors, the electrodes are made with conducting
polymers and metal oxides which again face the problem of poor electrical conduc-
tivity and cycle stabilities, thus preventing their applications for energy storage [15,
16]. To overcome these limitations, hybrid supercapacitors are made with electrode
materials consisting of carbon-active and metal oxides composites [17]. In case of
hybrid supercapacitors, the energy storage occurs due to two processes: redox reac-
tions that are fast and reversible and ion adsorption/desorption taking place at the
interface of electrode and electrolyte [18]. Spinel ferrites have proved as promising
materials for applications in supercapacitors due to their improved and exceptional
electrochemical activity in comparison to single metal oxides.
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2 Ferrites for Energy Storage

2.1 Cobalt Ferrite (CoFe;0y4)

Cobalt ferrite possesses remarkable magnetic, mechanical (hardness) as well as
chemical (stability) properties, thus making it promising material for applications
in magnetic devices [19]. Apart from these properties, it also shows good electro-
chemical properties as a supercapacitor. Nanoflakes of CoFe,Q,4 prepared by chem-
ical bath deposition method have been used as supercapacitors. A stainless steel
substrate having thickness ~ 5 to 7 um was used to deposit these nanoflakes. A
three electrode system was used to investigate the electrochemical behaviour of the
nanoflakes with 1 M NaOH electrolyte. A specific capacitance of ~ 366 F/g with
interfacial capacitance 0.110 F/g was observed at a scan rate of 5 mV/s. After 1000
cycles, these CoFe, 0,4 nanoflakes preserved around 90.6% capacitance.

Another study by Pawar et al. have obtained nanoparticles of CoFe,O4 with
average size ~ 20 nm by using sol—gel method [20]. The nanoparticles were studied
for supercapacitor applications and found to possess pseudo-capacitor properties with
1 M NaOH as an electrolyte in a three electrode system. The specific capacitance
in this case was found to be 15 F/g at a current density 0.6 A/g as determined from
the galvanostatic charge discharge method. Poor conductivity of CoFe,O4 nanopar-
ticles might be responsible for such a lower value of specific capacitance. These
electrochemical properties of CoFe,04 nanoparticles were improved by synthesis
of nanocomposite of CoFe,04/FeOOH by one-step hydrothermal process [21]. A
mixture of CoFe,04/FeOOH nanocomposite, carbon black and polyvinylidene fluo-
ride (PVDF) with 80:10:10 wt% ratio was used as an electrode which showed
improved value of capacitance at large values of current thus making them suitable
for supercapacitor applications. The structure showed a loss of 8.7% of capacitance
after 1000 cycles.

Thin films of mesoporous CoFe,0, also showed high value of specific capaci-
tance ~ 370 F/g at scan rate of 2 mV/s in 1 M NaOH [22]. As the scan rate increases to
100 mV/s, the capacitance value is reduced to ~ 170 F/g. The film was prepared using
pyrolysis technique with aqueous medium with substrate temperature at ~ 475 °C.
The mesoporous film of CoFe,04 showed nanosized grains with power density of ~
30 kW/kg and energy density ~ 27 Wh/kg. Nanoparticles of CoFe,0, were synthe-
sized using the methods of hydrothermal and coprecipitation with precursors made
up of nitrates, chlorides and acetates, giving average particle size of ~ 11 to 26 nm
and surface area ~ 34 m?/g [23]. These nanoparticles showed large specific capaci-
tance of ~ 430 F/g in 6 M NaOH electrolyte at 0.5 A/g. The nanoparticles showed
a remarkable retention of capacitance with ~ 98.8% capacitance after 6000 cycles
at current density ~ 10 A/g. Another composite of CoFe,O4 and reduced graphene
oxide (RGO) was studied for supercapacitor applications which showed high specific
capacitance of ~ 123 F/g at current density of ~ 5 mA/cm?. However, the structure
showed a loss of ~ 22% capacitance after 1000 cycles [24].
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Xiong et al. have synthesized ternary  nanocomposites  of
CoFe,04/graphene/polyaniline which were characterized for high performance
supercapacitors [25]. Hydrothermal method was used to synthesize the CoFe,Oy
nanoparticles and graphene nanosheets, and after that, in-situ polymerization
process was used to coat them with polyaniline. Large value of specific capacitance
~ 1133 F/g was observed for 1 mV/s in 1 M KOH electrolyte. A large capacitance
retention of ~ 96% was obtained after 6000 cycles. The reason behind the large
capacitance value is that the electron transfer process and surface area of the
electrode are enhanced by using graphene nanosheets. Polyaniline gives rise to the
pseudocapacitance in CoFe, 0, nanoparticles.

2.2 Manganese Ferrite (MnFe;0y4)

Electrodes made up of MnFe,O4 show good capacitive properties in aqueous elec-
trolyte as the charge is stored by pseudocapacitance mechanism [1, 26]. Shin-Liang
Kuo et al. have synthesized MnFe,0O,4 by using coprecipitation method and found
that the charge in this case is stored by insertion/extraction mechanism of proton
into/from the lattice sites occupied by both the Mn- and Fe-ions [27]. Electrochem-
ical properties were studied by using three electrode systems where MnFe,O4 powder
was mixed with carbon black and PVDF which was further coated on the current
collector. Overall specific capacitance of ~ 63 F/g was obtained with MnFe,O4
electrode giving 115 F/g of specific capacitance. Another study involved the effect
of using surfactants with MnFe,O,4 synthesized by solvothermal method on their
electrochemical properties [28]. The capacitance values were found to be larger
for MnFe, O, colloidal nanoclusters as compared to hollow spheres of MnFe,O, in
aqueous LiNOj electrolyte. This rise in capacitance value might be due to the reduc-
tion in the tension at the interface between electrode and electrolyte introduced by the
surfactants which promotes the diffusion of Li ions. Vignesh et al. have studied the
capacitor performance of MnFe, O, spherical nanoparticles synthesized by coprecip-
itation method for different electrolytes [29]. A specific capacitance of 173, 31 and
430 F/g was obtained for electrolytes of 3.5 M KOH, 1 M LiNOj and1 M LizPOy,
respectively. The best rate performance was obtained for 3.5 M KOH electrolyte
which can retain the capacitance even at higher current densities. Electrochemical
properties of colloidal clusters of MnFe,O4 nanocrystal were studied in configuration
of symmetric supercapacitors using various electrolytes in aqueous form [30]. The
specific capacitances of MnFe,0, electrodes were obtained as 97.1, 93.9, 74.2 and
47.4 F/g for 2M KOH, 2 M NaOH, 2 M LiOH and 2 M Na, SOy electrolytes, respec-
tively. It was observed that MnFe, O, structure showed better retention of capacitance
of about 76% for 6 M KOH electrolyte after 2000 cycles.

Nanocomposites of MnFe,O4 with graphene showed improved super capacitance
properties [26, 31]. A maximum supercapacitance of ~ 276 F/g at a scan rate of
10 mV/s with 6 M KOH electrolyte was obtained for RGO/MnFe,0, nanocom-
posites made by one-pot hydrothermal technique [32]. Current collectors made up
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of flexible graphite sheets have been used to fabricate flexible supercapacitor of
MnFe,O4/graphene which possessed supercapacitance of 120 F/g at 1 A/g with
retention capacitance of 105% after 5000 cycles [26]. A hybrid capacitor made up
of MnFe, 0, and crumpled graphene sheet showed a supercapacitance of 195 F/g at
a scan rate of 0.5 A/g with 0.05 M KCL electrolyte [31]. A ternary nanocomposite
of MnFe,O,/graphene/polyaniline prepared by facile two-step approach showed a
specific capacitance of 307.2 F/g at 0.1 A/g with retention capacitance 76.4% after
5000 cycles.

2.3 Zinc Ferrite (ZnFe;0y)

Zinc ferrite is the most commonly used electrode for supercapacitor applications due
to various properties like its strong redox behaviour, better chemical stability, non-
toxicity and high storage capacity of 2600 F/g [33, 34]. The morphology of ZnFe, O,
can be easily tuned to get nanoparticles, nanorods and nanoflakes, thus offering a large
surface area for storage of charge [35, 36]. Vadiyar et al. used different electrolytes to
study the surface wettability and storage capacity for ZnFe, O, nanoflakes [37]. The
CV curves obtained for this study for all the electrolytes showed pseudo-capacitive
behaviour. Thin film of ZnFe,O4 synthesized by using the method of successive
ionic layer adsorption and reaction showed high value of specific capacitance ~ 470
F/g with scan rate of 5 mV/s in an aqueous electrolyte of 1 M NaOH [38]. A power
density of 277 W/kg and energy density of 4.47 Wh/kg was obtained with ZnFe,O4
thin film-based supercapacitors. A binder free thin film of ZnFe,O4 showed specific
capacitance of 615 F/g at a current density of 3 mA/cm? [39]. ZnFe,O,4 nanoparticles
with average size 20-30 nm were synthesized using combustion method and showed
specific capacitance of ~ 1200 F/g at 1 mA/cm? [19]. An asymmetric supercapacitor
with negative electrode made up of ZnFe,O4 and positive electrode made up of
nickel hydroxide was analysed for electrochemical properties. Nanoflakes of 3D
aligned ZnFe,O4 on a flexible substrate of stainless steel mesh resulted in improved
characteristics as an electrode in an asymmetric supercapacitor configuration with
Ni(OH), [40]. The device gave specific capacitance of ~ 1600 F/g at 1 mA/cm? with
97% retention capacity over 8000 cycles.

Microspheres of ZnFe, 0, prepared by using solvothermal method gave specific
capacitance of 131 F/g having retention capacity of 92% after 1000 cycles [41].
Vadiyar et al. have prepared heterostructure electrodes of self-assembled ZnFe,O4
nanoflakes at ZnFe,0,/C nanoparticles for application in high performance superca-
pacitors [36]. The electrode structure showed high specific capacitance of ~ 1800 F/g
at 5 mA/cm?. With heterostructure of ZnFe,O4 nanoflakes at ZnFe,0,4/C nanopar-
ticles as negative electrode and RGO as positive electrode, a specific capacitance of
~ 350 F/g was obtained. The supercapacitor showed 98% retention capacity after
35,000 cycles. A structure of ZnFe,O4 nanoparticles dispersed in nitrogen-doped
RGO gave a specific capacitance of ~ 240 F/g at 0.5 A/g [35]. The structure retained
~ 80% capacitance after 5000 cycles. Nanorods of ZnFe, O, with RGO gave specific
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capacitance of ~ 1400 F/g at a scan rate of 10 mV/s for 2 M KOH electrolyte with
retention capacitance of 93% after 5000 cycles [42]. The enhanced electrochemical
behaviour was ascribed to larger surface area offered by RGO with better electrical
conductivity. Thin films of porous ZnFe,O4 nanoflakes gave large capacitance of ~
760 F/g at 5 mA/cm? with energy and power density of 106 Wh/kg and 18 kW/kg,
respectively. The electrode system showed a good retention property of 88% after
5000 cycles.

2.4 Nickel Ferrite (NiFe;0y4)

Nickel ferrite is also one of the promising materials for supercapacitor applications
[43, 44]. Large number of studies are done on NiFe,O4 and its nanocomposites
for electrode applications in supercapacitors. Sub-micron sized NiFe,O4 nanoparti-
cles prepared by molten salt process gave high specific capacitance of ~ 18 F/g at
10 mV/s [45]. Nanospheres of NiFe,O4 showed specific capacitance of ~ 120 F/g
at 8 A/g, and the capacitance was found to increase with KOH concentration [46].
Mesoporous nanoparticles of NiFe,O4 were synthesized by one-step hydrothermal
method with surface area ~ 150 m?/g and gave specific capacitance of ~ 1000 F/g at
1 A/g using a three electrode system with 2 M KOH electrolyte [47]. However, the
structure gave 30% loss in capacitance after 500 cycles. A high specific capacitance
of ~ 450 F/g was obtained for NiFe,O,4 prepared by combustion route with better
cyclic stability over 1000 charging and dis-charging cycles [48]. Various studies
have been done on graphene-based materials which are mixed with NiFe, O, to get
improved capacitive properties. A specific capacitance of ~ 200 F/g was obtained for
NiFe,O4/graphene nanocomposite in a 1 M Na,SOy electrolyte [49]. Porosity of the
electrode improved the electrochemical properties as well as capacitance stability of
about 95% over 1000 cycles. Wang et al. have prepared RGO-NiFe,O4 nanocom-
posites using hydrothermal method with varying pH values (8, 10, 12 and 14). They
have found that nanocomposites synthesized at pH value 10 exhibited the largest
surface area (~460 m?/g) and showed specific capacitance of ~ 220 F/g at 5 mV/s
[50].

Nanocomposites of conducting polymers like PANI with NiFe,O4 were reported
by various groups which showed improved electrochemical properties [51]. A high
specific capacitance of ~ 450 F/g was obtained for PANI/NiFe, O, nanocompos-
ites with 80% retention capacitance over 1000 cycles. Another study on NiFe,O4
composites with multiwalled carbon nanotubes (MWCNTs) prepared by one-pot
hydrothermal method using hexamethylene tetramine (HMT) have observed a high
specific capacitance of ~ 1290 F/g at 1 A/g [44]. The electrode showed capacitive
retention of 80% over 500 cycles in 2 M KOH. NiFe, 0,4 nanoparticles deposited on
a flexible carbon cloth using hydrothermal method showed high specific capacitance
of ~ 1130 F/g for 1 M H,SO,4 and ~ 920 F/g for 6 M KOH electrolytes [52]. The
conductive 3D network of carbon cloth and the large surface area of the nanoparticles
contributed towards the high capacitance value. A binder free electrode made from
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NiFe, 04 nanocone forests on a carbon cloth showed a high specific capacitance of
697 F/g at scan rate of 5 mV/s [53]. An NiFe,O4 on carbon cloth-based nanocom-
posite designed as a solid state supercapacitor showed large specific capacitance of
584 F/g at 5 mV/s as well as good cyclic stability of 93.57% capacitive retention after
1000 cycles. Thus, the device can be used as a promising material for supercapacitor
applications. In the case of NiFe, Oy, the capacitive performance is found to be highly
dependent on the synthesis method. NiFe,O4 synthesized by sol-gel method gave
high specific capacitance of 97 F/g which could be due to small grain size and pores
obtained from sol-gel method.

Nanocomposites of 1D NiFe,O4 and graphene synthesized using hydrothermal
method gave a specific capacitance of ~480 F/gat 0.1 A/g [54]. The electrode showed
improved cyclic stability of only 1% degradation after 10,000 cycles as compared
to NiFe,Oy4 electrode, which showed 40% loss in capacitance. Conducting network
of graphene and large number of redox active sites can be responsible for excellent
electrochemical properties of NiFe,O4/graphene nanocomposites. Ternary nanocom-
posites of nitrogen doped graphene/NiFe,O4/polyaniline gave specific capacitance
of ~ 650 F/g at 1 mV/s [55]. The retention capacity of the system was found to be
90% for over 10,000 cycles with energy and power density of ~ 92.7 Wh/kg and
110.8 W/kg, respectively.

3 Conclusions

In this chapter, various ferrites (CoFe, 04, MnFe,04, ZnFe,0y4, and NiFe,04) and
their nanocomposites were discussed for their applications in energy storage devices,
specifically, supercapacitors. Firstly, the common structure of ferrites was discussed
with literature survey on various synthesis methods used for the synthesis of ferrite
nanostructures. It is reported by various groups that the electrochemical properties of
ferrites are highly dependent on the synthesis process used and the synthesis condi-
tions employed. The properties of a supercapacitor are also controlled by the surface
morphology, shape and size of the nanostructures. Nanocomposites of ferrites with
graphene and reduced graphene oxide enhance their electrochemical performance
due to their large electrical conductivity. Nanoflakes of ferrite composites offer the
most promising electrochemical performance over other structures.
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Chapter 11
Ferrite Nanoparticles for Antimicrobial i
Applications

Nishat Bhatia, Asha Kumari, Kashama Sharma, and Rahul Sharma

1 Introduction

The primary constituents of ferrites, Fe, O3 and FeO, which can be partially modified
through other transition metal oxides, are chemical compounds with ferrimagnetic
properties which are synthesized as powders or ceramic bodies [1]. Iron oxides mixed
with metal elements like manganese (Mn), barium (Ba), nickel (Ni), zinc (Zn), cobalt
(Co), and copper (Cu) result in the extraordinary ceramic substance known as ferrites
[2-8]. Iron is the primary elements in the composition of ferrites, a magnetic mate-
rial with ferromagnetic ordering. Pure phases of iron, which are found in nature
in the form of iron oxide, include magnetite (Fe;0,), hematite (Fe,O3), iron oxide
beta phase, maghemite, etc. These substances have different colors, trivalent oxida-
tion states, and poor solubility. Due to their natural magnetism, ferrites are gaining
more attention [9]. Magnetite (Fe;O,4), which includes both Fe?* and Fe3* ions,
is the most significant ferrite [10]. The family of magnetic nanoparticles known as
ferrites consists mostly of derivatives of various metal oxides, including hematite and
magnetite. Ferrites have a wide range of applications for both indoor and outdoor use
due to their properties of electricity and magnetism and accessibility of synthesis. To
be termed ferrite, the chemical formula must include at least one iron (III). Ferrites,
such as MFe, 0y, are common examples, and most of them have superparamagnetic
(SPM) properties at diameters of less than or equal to 20 nm [11, 12]. Depending on
their affinity for both places, the distributions of each metal cation over both sites vary.
The stabilizing energy, the required ionic radii, the size of the interstices, the types of
synthesis used, and the circumstances in situ at the moment of synthesis all influence

N. Bhatia - A. Kumari - K. Sharma - R. Sharma ()

Department of Chemistry, Career Point University, Bhoranj (Tikker—Kharwarian), MDR 35,
Hamirpur, Himachal Pradesh 176041, India

e-mail: rahul.che @cpuh.edu.in

Centre for Nano-Science and Technology, Career Point University, Hamirpur, Himachal
Pradesh 176041, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 199
P. Sharma et al. (eds.), Engineered Ferrites and Their Applications, Materials Horizons:
From Nature to Nanomaterials, https://doi.org/10.1007/978-981-99-2583-4_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2583-4_11&domain=pdf
mailto:rahul.che@cpuh.edu.in
https://doi.org/10.1007/978-981-99-2583-4_11

200 N. Bhatia et al.

this [13—16]. The chemical and physical properties of ferrite NPs are greatly influ-
enced by the type and distribution of metal ions at the tetrahedral and octahedral sites
[3, 17-19]. For example, the type and arrangement of cations at the spiral structure’s
tetrahedral and octahedral locations substantially relate to the magnetic properties
of ferrite NPs. Since the net magnetization moment of ferrite NPs varies between
both the two locations [20, 21]. Ferrite NPs with virtually equal size and composition
may have different saturation magnetization (Ms) values due to variances in cation
distribution between the two sites. Based on the kinds of cation distribution at both
places, three types of spinel structures are known: normal, inverse, and mixed spinel
types. Due to chemical stability, biocompatibility, affordable price compared to other
metal NPs like silver NPs (i.e., gold standard anti-bacterial NPs), and special ferro-
magnetic properties, iron oxide-based NPs, particularly spinel ferrites, have recently
emerged as popular candidates for emerging biomedical applications [21]. Current
chapter describes the applications of magnetic nanoparticles as antimicrobial agent.

2 Synthesis Methods of Ferrite NPs

Due to the relevance of ferrite NPs in technology, their synthesis is one of the most
attractive study topics. Identifying the most effective synthesis methods for producing
high-quality ferrite NPs in terms of purification, structure, size, size distribution,
consistency, and morphology [22]. There have been a few different synthesis tech-
niques published recently for the production of ferrite NPs, but there is still no one
universal way for the formulation of ferrite NPs. There are basically two methods of
synthesis of ferrites. Conventional powder processing scheme and non-conventional
powder processing schemes are shown in Fig. 1.

These synthesis methods may be divided into two categories: “top-down”
and “bottom-up.” The first four synthesis methods are the most commonly used
for the “bottom-up” option. Co-precipitation, thermal degradation, hydrothermal,
solvothermal, sol-gel, flame spray pyrolysis, ultrasonication, chemical vapor deposi-
tion, microwave-assisted, nanoemulsion, and polyol processes are among those used.
On the other hand, mechanical grinding and pulsed laser ablation are the most often
used “top-down” synthesis methods. Modified polyol, sonochemical method, and
microwave irradiation are three novel synthesis procedures that have been employed
more often in the present day to create a variety of ferrite NPs. These synthesis
procedures are superior to previously mentioned synthesis methods in several ways,
including faster reaction times, softer reaction conditions, greater yields, increased
selectivity, and clean reactions. Various methods of ferrite NPs synthesis are.
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Classification of Preparation methods of
Ferrites

Conventional powder l Non Conventional powder
processing scheme processing scheme

Milling Granulation Hydroside Hydr:utht:. M
precursor oxidation
Processing into Hydrase
End product : g carboxylate Spray reaction
desired shape
precursor

Fig. 1 Conventional powder processing scheme and non-conventional powder processing scheme

2.1 Green Ferrite Nanoparticle Synthesis

Green synthesis methods have been utilized to generate ferrite nanoparticles from
biological sources such as plants, fungi, algae, and bacteria.

2.1.1 Plant Extract Mediated Green Synthesis of Ferrite Nanoparticles

Plant-based synthesis of ferrite nanoparticles is getting too much attention because
of their less toxicity and durability, and the process of their formulation is also
simple and cost-effective. Various plants are included in Table 1 whose ferrite-based
nanomaterials have been synthesized.

2.1.2 Microbial Synthesis of Ferrite Nanoparticles

According to modern trends, microbial-based formulation of various ferrites (Fig. 2)
is gaining lots of interest among researchers. Zinc doped cobalt ferrite nanoparti-
cles made with Lactobacillus delbrueckii as a synthetic agent. In photocatalytic,
optoelectronic, and pharmaceutical applications, the produced ferrite nanoparticles
showed antimicrobial activity [32]. Cobalt ferrite (CoFe,04) using Saccharomyces
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Table 1 Green fabrication of different ferrite nanoparticles using plant extracts

S.No. | Name of the plant Particle size (nm) | Shape Reference
1 Aloe barbadensis 34 Spinel [23]
2 Aloe vera 20 Agglomerated cubic [24]
3 Asparagus 48 Spinel [23]
4 Coffeaarabica 9.72 Cubic spinel [25]
5 Hibiscusrosa 39 Single phase cubic [26]
Sinensis
6 Limonia acidissima 12 Spherical [27]
7 Ocimum sanctum 21 Single phase cubic spinel | [28]
8 Okra extract 49 Spherical [29]
9 Tragacanth gum 20 Cubic spinel [30]
10 Zingiber officinale 46 Spinel [31]

cerevisiae (yeast) revealed particle size of 7.23 nm. Anal K. Jha has reported the
creation of cobalt ferrite nanoparticles in S. cerevisiae [33].

2.1.3 Co-precipitation Method

The co-precipitation technique involves the base-assisted precipitating of metal from
a salt substrate as hydroxide in a solution [35-38]. For the synthesis procedure to
produce high-quality ferrite NPs, the pH must be carefully adjusted and controlled.
Ammonium or sodium hydroxide solutions are typically used to modify the pH of
the solution. Under inert conditions, the solution then needs to be forcefully mixed
or agitated in the absence as well as in the presence of heat. There have been several
published research projects that used the co-precipitation approach to create ferrite
NPs [39-41].

2.1.4 Hydrothermal Method

Hydrothermal synthesis is the most often utilized method for creating nanomate-
rials. It essentially employs a solution-reaction technique. Nanomaterials may be
generated at a range of temperatures via hydrothermal synthesis, including very high
temperatures and room temperature. One of the most promising synthesis techniques
for the mass manufacturing of ferrite NPs is the hydrothermal approach. By choosing
the right solvent combination and adjusting variables like temperature, pressure, and
reaction time, it is feasible to create high-quality NPs with controlled size and size
dispersion [42].
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Fig. 2 Microbial synthesis and applications of Ferrites (Adapted and reprinted from Tripathy et al.
[34]) (Licence Number 5432420494039)

2.1.5 Sol-Gel Method

The low temperature, cheap cost, and lack of specific equipment required for the
sol—gel synthesis process are only a few of its benefits. Sol—gel processes may be
used to create Ferrite NPs with a narrow size distribution and controllable form,
where the reaction temperature ranges from 25 to 20 °C. The sol-gel approach is
particularly appealing because of these benefits and how easily Ferrite NPs can
be synthesized with it. Another advantage of this popular synthesis process is the
flexibility to modify the composition, microstructure, purification, and shape of the
NPs by altering factors such as sol percentage, stirring rate, and temperature [43].
The initial commercial uses of the sol-gel technique include the synthesis of ferrite
NPs as well as films and coatings. The sol-gel method first commercial applications
were the production of Ferrite NPs, and also films and coatings [44]. The main issue
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of the process is that reaction byproduct contamination causes a lack of purity in the
ferrite NPs produced, necessitating post-treatment to obtain pure ferrite NPs.

2.1.6 Electrochemical Method

Co-precipitation is identical to the electrochemical synthesis approach; the differ-
ence is that the ion carriers are produced by the scarification of anode electrodes
throughout the oxidation reaction [45]. The excellent purity of the product and control
over particle size are two advantages of electrochemical synthesis over conventional
synthesis processes. Purity and particle size can be achieved by varying the current
or regulating the spacing between the electrodes [44]. In general, electrochemical
synthesis is a viable option for producing the majority of ferrite NPs. These tech-
niques have been used to synthesize ferrite NPs such as CoFe,0y4, NiFe;O4, and
c-Fe, 03 [46, 47].

2.1.7 Microwave Assisted

Microwave synthesis has been employed to generate nanoparticles because it
combines the advantages of speed and homogeneous heating of the precursor
materials. When used in conjunction with a well-established synthesis technique,
microwave-assisted synthesis aligns the material’s dipoles in an external field through
excitation caused by microwave electromagnetic radiations [48]. Compared to co-
precipitation, hydrothermal, or thermal decomposition techniques, the microwave-
assisted synthesis process frequently allows for the large-scale synthesis of Ferrite
NPs with a low yield.

2.1.8 Microemulsion Method

In the manufacture of microemulsion, the thermodynamically stable isotropic
dissemination of two relatively immiscible liquids sustained by surfactant molecules
is commonly used. N-hexane has been mentioned as an oil phase, polyoxyethylene
ethers as a non-ionic surfactant, and n-butanol as a co-surfactant [49].

One of the primary advantages of the microemulsion synthesis technique is the
capacity to manufacture various Ferrite NPs by varying the kind of surfactant, co-
surfactant, oil-water ratio, and process conditions [50, 51].

2.1.9 Solvothermal Method

The solvothermal synthesis technique is often helpful when it comes to creating
ferrite NPs with enhanced physical and chemical characteristics that are suitable
to both industrial and biomedical fields. Solvothermal synthesis is used for the



11 Ferrite Nanoparticles for Antimicrobial Applications 205

scalable generation of ferrite NPs with regulated size and form in addition to its
simplicity in terms of reaction. As in the solvothermal synthesis technique, aqueous
or non-aqueous solutions may be used to generate NPs with precise control over
size distribution, morphology, and crystalline phases. These physical characteristics
may be altered by modifying particular experimental parameters such as reaction
temperature, reaction time, solvent, surfactant, and precursors.

The solvothermal synthesis method has been used to create a variety of ferrite
NPs and their corresponding composites, including MWCNT/CoFe, 04 [52], Co3z04
[53], Fe3O4 [54], CoFe, 04 without the use of a template, NPs with such an ultra-low
dielectric constant of 3.21 at 1 MHz [55], single crystalline o-Fe, O3 with varied
morphologies [56], and Fe;0,.

2.1.10 Thermal Decomposition

One of the easiest techniques for synthesizing ferrite NPs is the thermal decom-
position process [57]. The utilization of high or low temperature depends on the
kind of precursor materials. In general, the technique may be used to create high-
quality crystalline ferrite NPs on a huge scale (40 g for each synthesis) with size-
and shape-controlled output [52, 58].

2.1.11 Mechanical Milling

NPs are typically prepared mechanically by milling in high-energy shakers, plan-
etary ball mills, or glass mills. The process exemplifies a “top-down” approach to
the creation of ferrite NPs. This method’s greatest benefit is its ability to scale up
to huge amounts of materials for a variety of applications, but its biggest disadvan-
tage is the contamination of NPs during milling [54]. Mechanical milling has been
used to synthesize a variety of ferrite NPs, including CoFe;O4 [59], CuFe,04, and
NiFe,04.The milling approach is a straightforward and affordable way to create
Ferrite NPs.

3 Types of Ferrites Used for Antimicrobial Properties

Ferrites magnetic properties are due to the interaction of metallic ions in certain
positions relative to oxygen ions in the crystalline structure of iron oxides.
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3.1 Spinel Ferrites

Ferrites with the chemical formulas MFe,O4 and MeFe ;0,9 with hexagonal crystal
shapes are widely used. Me stands for Ba?*, Sr?*, etc., while M denotes a current
divalent metal ion (such as Mn, Fe, Co, Ni, Cu, or Zn) with an ionic radius of roughly
0.6—1. Spinel ferrites are capable of combining two or more ions, which is referred to
as a solid solution of two ferrites [60]. Eight molecules of MFe, 0, are found in the
smallest spinel lattice cell, which has cubic symmetry, where comparatively massive
oxygen ions form an FCC lattice.

Tetrahedral and octahedral interstitial sites as shown in Fig. 3, which are
surrounded by four and six oxygen ions, respectively, are both present in a cubic
close-packed structure.

Only 8 and 16 of the 64 tetrahedral and 32 octahedral sites (referred to as A and B
sites, respectively) in this cubic unit cell are occupied by metal ions. One of the three
metal ions in MFe,O4 occupies a tetrahedral position, whereas the other two occupy
an octahedral site. In a typical spinel, the trivalent Fe ion occupies the octahedral
(B) site, whereas the divalent M ion occupied the tetrahedral (A) site. Trivalent Fe
ions occupy the other B site, the A site, and the divalent M ions occupy one of the
B sites in an inverted spinel structure. The ions in the A sites of a spinel ferrite are
antiparallel to those in the B sites, and the metal ions are isolated from the oxygen
ions by these ions. There is a magnetization as a result of the two sub-lattices in the
majority of ferrites having distinct numbers and kinds of ions.

Given that both ions in MnFe, O, have five uncompensated spins and that the net
magnetic moment is five spin per molecule. Bragg and Nishikawa were the first to
identify the structure of SFs as they were found to exist for MgAIl,Oy4 in 1915. The

Fig. 3 The spinel ferrites
[61] (Adapted and reprinted
from Soufi et al. [62])
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typical structural formula of a spinel ferrite is MFe, O4 where M is a divalent metal ion
such as iron, cobalt, nickel, manganese, magnesium, copper, or acombination of these
ions. The spinel structure belongs to the Fd3m space group [62]. The face-centered
cubic (FCC) unit cell of spinel ferrite has eight MgFe 503, formula units [15]. In a
ferrite unit cell, there are 96 interstices (64 tetrahedral and 32 octahedral) between
the densely packed oxygen atoms [63]. The cations only occupy 8 tetrahedral and
16 octahedral sites. Spinel ferrites were classified into three categories based on the
cation distribution at the tetrahedral (A) and octahedral (B) sites. This classification is
determined by the degree of inversion, x, which is commonly used to characterize the
cationic disorder and is defined as the proportion of M** ions occupying octahedral
positions [64].

Jesudoss, S. K. et al.,, reported the antibacterial efficacy of spinel magnetic
Mn,_,Ni,Fe,04 nanoparticles was tested against two gram-positive organisms
(Staphylococcus aureus and Bacillus subtilis) and two ram-negative organisms
(Pseudomonas aeruginosa and Escherichia coli). Results of antibacterial activity
in this study are equivalent to those obtained with streptomycin, an antibiotic [65].

3.2 Hexagonal Ferrites

Hexagonal ferrites, such as BaFe|,09, are examples of magnetoplumbite structures
that have a complicated hexagonal unit cell. In the unit cell of the hexagonal structure,
the twelve Fe** ions are distributed as follows: nine ions are located in the octahedral
sites (with six O, neighbors closest to them), two ions are located in the tetrahedral
sites (with four O, neighbors closest to them), and one ion is located in the hexagonal
site (with five O, neighbors closest to it). These materials are good candidates for
permanent magnets because they have a strong uni-axial magnetic direction [66].
Here are six different names for hexagonal ferrites:

3.2.1 The M Ferrites

BaM, BaFe;0,9, has been around for a long; its melting temperature of 1390 °C
was determined in 1936. It was not until Philips studied and magnetically described
the form in the early 1950s that it was discovered to be isomorphism with hexagonal
magnetoplumbite [67].

M-type ferrites NPs antimicrobial property were reported by Atacan et al., and
silver nanoparticles were deposited on CuFe,O4 magnetic nanoparticles to increase
antibacterial activity. All generated samples were more effective against gram-
positive microorganisms (S. aureus) than gram-negative microorganisms (E. coli).
By estimating the inhibition diameter of 250.1 mm in the synthesized materials, it
was revealed that the Ag/CuFe,0O, exhibited a more powerful antibacterial ability
against the S. aureus bacterium [68].
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3.2.2 The W Ferrites

W ferrites have the formula BaMe,Fe 50,7, where Me is frequently a first-row tran-
sition metal or perhaps another divalent cation, and barium can be substituted by
another group two metal. Fe, W (BaFe,Fe c0,7) [69] was the very first W ferrite
described; however, it was initially only synthesized as a combined phase with M and
X ferrites. The hexagonal crystalline structure of single-phase Fe, W was revealed to
have a facile axis of magnetization all along the c-axis, but it had significantly better
electrical conductivity than BaM due to the presence of Fe?* ions. It’s computed
hardness in the c-axis is 5.5 GPa [70].

Sagayaraj et al., reported the antibacterial efficacy of W-type ferrite where
the nanoparticles HFs/PVP (Polyvinylpyrrolidone) hybrid composites were tested
against clinical gram-positive and gram-negative pathogens. W-type BHFs at higher
concentrations (100 L) have been shown to be antibacterial agents [71].

According to the analysis, spinel ferrites, M-type ferrites, and W-type ferrites
predominantly had the most antibacterial activity as compared to other forms of
ferrites.

3.2.3 The X Ferrites

The X-type ferrites, given by the generic formula “Ba,Me,Fe,3046” (Me is a divalent
cation), were initially suggested in 1952 which have mixed phases alongside M or
W ferrites. The X-type hexaferrite is generally thought to be fascinating material
because of its prospective uses as magnetic materials and microwave devices that
must function at GHz frequencies [72]. X-type hexaferrite condones the substitution
of various small and large cations due to the existence of three octahedral locations at
the borders along S-S and R-S blocks, one octahedral and two tetrahedral locations
in S block, or one trigonal bipyramidal as well as two octahedral locations in R block.

3.2.4 TheY Ferrites

The general formula for Y-type ferrites is Y (BayMe,Fe ,05,). The Y ferrites were
the first ferroxplana ferrites to be found, and it is now known that almost all Y
ferrites have a preferred plane of magnetization perpendicular to the c-axis at room
temperature [73]. The first two Y ferrites to be produced were Zn;Y and Co,Y, and
their chemical formula is Ba,Me,Fe|,0,,, where Me is a tiny divalent cation. The
density of Co,Y is 5.40 gcm3 and its molecular mass is 1410 g [69].

3.2.5 The Z Ferrites

The Z ferrites, which have the chemical formula BazMe,Fe,404;, were found concur-
rently with the ferroxplana Y ferrites [7]. Co,Z has a maximum density of 5.35 g cm®
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and a molecular mass of = 2522 g. Except Co,Z, which is linear at room tempera-
ture but has a complex magnetic anisotropy with at least four anisotropic states, all
Z ferrites have a uniaxial anisotropy parallel to the c-axis.

3.2.6 The U Ferrites

Despite being found around the same time as the other hexagonal ferrites listed
here, the U ferrites, BayMe,Fe350¢9, were not thoroughly defined structurally or
magnetically until recently. The densities of Co,U and Zn,U are estimated to be
5.44 g cm® and 5.31 g cm?, respectively. They are all uniaxially anisotropic, except
Co, U, which has planar anisotropy at room temperature as well as a molecular mass
of 3622 g [73].

Hexagonal ferrites find widespread use in medical equipment, microwave ovens,
magnets, computers, power meters, circulators, resonance isolators, and other
devices. Magnets are employed in a wide range of applications, including motors,
generators, transformers, actuators and sensors, data storage, mobile communica-
tions, transportation, security, defense, aerospace, diagnostic devices, and electron
beam focusing. Ferromagnetic metals and alloys, as well as ferrimagnetic ceramics,
are the most often utilized magnetic materials. Hexagonal ferrites are by far the most
often utilized ceramics [67].

3.3 The Garnet Ferrites

The garnet ferrites (Fig. 4) belong to a different family of ferrites and have the basic
formula 3M,035Fe, O3 or two units of MesFe, (FeOy43), where Me stands for the
trivalent rare earth or a magnetic rare earth, such as ytterbium. Trivalent cations,
such as rare earth and Fe3*, occupy the tetrahedral, octahedral, or dodecahedral posi-
tions in the orthorhombic crystal structure of garnets. Because of the antiparallel
interactions between both the tetrahedral and octahedral locations, the net magnetic
moment is antiparallel to the rare earth ions on the dodecahedral locations. Ferrites
are ferromagnetic ceramic materials that may be roughly divided into two groups:
soft magnetic materials and hard magnetic materials. In the sense that ferromag-
netism only manifests itself when a magnetic field is applied, the term “soft” denotes
a transient state. Hard magnets, on the other hand, exhibit ferromagnetism in the
absence of an outside field.

Mn-Zn ferrite, Ni—Zn ferrite, and other similar materials are examples of
soft ferrites, whereas BaFe;;0;9 and SrFe ;09 are examples of hard ferrites.
It is generally known that the chemical compositions, crystal structures, particle
sizes, microstructures, and surface characteristics of ferrites affect their magnetic
capabilities [75, 76].



210 N. Bhatia et al.

Dodecahedral (8 fold)

(@) Garnet, {AL[BI,(C):01,
Y - 2 {A]} site...24c site

Octahedral {6 fold)
[B] site ...16a site

Tetrahedral (4 fold)
(C) site...24d site

Tetrahedral (4 fold)

Ia3d (No. 230) anion site...96h site

Fig. 4 Garnet Ferrites Adapted and reprinted from Ueda and Tanabe [74]

4 Factors Affecting Properties of Ferrite NPs (w.r.t.
Antimicrobial Properties)

4.1 Preparation Method

Due to its ability to form microstructures with various microstructural parameters,
including ion arrangement, crystallite size, lattice parameter, and lattice stresses, the
preparation process can have an impact on the proportions of ferrites and further affect
the antimicrobial properties. Ferrite nanoparticles may well be produced by several
methods, ranging from physical operations using mechanical methods to chemical
or biological processes involving multiple organic or inorganic substances and living
creatures. Each approach has its own set of pros and downsides. However, as opposed
to conventional procedures, biological approaches for the production of nanoparticles
employ nontoxic and ecologically safe components along with green technology,
making them more palatable and eco-friendlier. Metal-based ferrite nanoparticles
have demonstrated efficacy against diseases mentioned as a priority in addition to
their smaller size and selectivity for bacteria.

4.2 Precursor Compounds and pH

A substance that quickly transforms into a group of functional molecules is called
a precursor. These compounds are accountable for alteration in the size and shape
of ferrites. When using green technology to synthesize ferrite nanoparticles, pH
is a significant component. The size and texture of the produced nanoparticle are
influenced by the pH of the solution medium. As a result, changing the pH of the
solution medium, the antimicrobial properties may be affected.



11 Ferrite Nanoparticles for Antimicrobial Applications 211

4.3 Temperature and Thermal Treatment

Thermal treatment of ferrites often leads to change in particle size distribution which
further leads to alter in morphological properties. Temperature is another important
component that affects the three main steps of ferrite nanoparticle synthesis. The
physical process requires the highest temperature (> 350 °C), however, the chemical
method requires a lesser temperature. The majority of the time, atmosphere temper-
atures or temperatures less than 100 °C are required for green technology-based
ferrite nanoparticle production. The type of ferrite nanoparticle formed depends on
the reaction medium’s temperature.

4.4 Size and Shape

One of the key characteristics that control the physical stability and characteristics
of S Ferrite NPs, including Ms, coercivity, and residual magnetizations, is their size
and shape [74, 77]. The characteristics of nanoparticles are significantly influenced
by particle size. For instance, it has been shown that when nanometer-sized ferrite
nanoparticles become larger, their melting points fall. Because ferrite nanoparticles
in all configurations contain comparable amounts of energy, changing their shape is
simple. The nanoparticles form changes as a result of the typical energy type utilized
during nanoparticle analysis. The chemical properties of nanoparticles created are
substantially impacted by their energetic nature and shape.

4.5 Presence of Doping

The distribution of the cations between the tetrahedral and octahedral sites is altered
by the doping of transition metal ions into ferrite structure, which results in varied
magnetic characteristics. If literature is studied then various results shows good
antimicrobial properties of doped materials against various pathogens as compared
to undoped ferrite nanomaterials.

4.6 Proximity

Most of the time, qualities of isolated or solitary nanoparticles change when
they come into touch with or are close to the surface of ferrite nanoparticles.
Making more precise ferrite nanoparticles can take advantage of the nanoparticles
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changing behavior w.r.t. antimicrobial properties. The proximity effect of nanoparti-
cles has several ramifications, including those related to particle charging, substrate
interactions, and magnetic characteristics.

5 Antimicrobial Applications

There are several biological applications for ferrite NPs, but illness diagnostics,
cancer therapy, and medication administration and release are among the most
widespread. SPM NPs with non-toxic properties, high magnetic susceptibility, high
coercivity, and low Curie temperatures are ideal for a variety of biological applica-
tions. In particular, Ferrite NPs with these characteristics at room temperature are
highly sought, and research on them is now focusing on finding solutions to several
health issues. Early illness identification before they cause major harm and system-
atic medication distribution at the target site are two issues in biomedical fields that
need quick attention.

The antimicrobial properties of ferrites are related to structural and chemical
variations between gram-positive and gram-negative bacteria cell walls. The cation
attraction by the protein in the bacterial cell wall, which results in the creation
of insoluble metal proteinate and subsequent bacterial death, is credited with the
antibacterial activity of ferrites. Many kinds of antimicrobial ferrites and nanopar-
ticles carriers for antibiotic administration have been shown in vitro and in animal
models to be beneficial in treating infectious infections, including antibiotic-resistant
ones. High surface-to-volume ratios and nanoscale sizes of inorganic nanoparticles
are their distinguishing features, which enhance their response to harmful bacteria
[78]. The antimicrobial activity of 5.0 mg/mL (5000 ppm) metal-substituted cobalt
ferrite nanoparticles toward B. subtilis, S. aureus, E. coli, P. aeruginosa, and Candida
albicans is shown in Table 2. These findings demonstrate that ZCFO (5000 ppm)
was the most potent and effective metal replacement in the cobalt ferrite nanopar-
ticles against all pathogens chosen, followed by manganese ferrite nanoparticles.
ZCFO demonstrated considerable antifungal activity against unicellular fungus and
was more effective against gram-positive bacteria than gram-negative ones (C. albi-
cans; 12 mm ZOI). There are several plausible explanations for how ZCFO ceramic
nanoparticles work as an antimicrobial. According to some theories, ZCFO sticks to
the membranes of microorganisms, lengthening their production time, lengthening
the lag stage of their bacterial growth, and increasing cell division.

Because of their large surface area-to-volume ratio, these materials can give supe-
rior treatment than conventional pharmaceuticals, resulting in the development of
novel mechanical, chemical, electrical, optical, magnetic, and electro-optical char-
acteristics in comparison to their traditional counterparts. So, ferrites NPs have been
proven to be intriguing in the battle against microorganisms.

In earlier reported NiO.5Zn0O.5Fe, 0, ferrite NPs were produced. Using the agar
diffusion technique, antimicrobial capabilities against G + bacteria (S. aureus and
Bacillus cereus) and G — bacteria (Vibrio cholerae, E. coli, and P. aeruginosa) were
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Fig. 5 Antibacterial activity of NiO - 5ZnO - 5Fe;O4. Reprinted with the permission of Elsevier
(License Number—5437680355906) Lakshmanan et al. [80]

investigated (Fig. 5). When compared to the fuel order to identify factors and fuel-
rich ratios, the produced NPs with the fuel lean ratio demonstrate good antibacterial
action against P. aeruginosa [80].

In another study, as shown in Fig. 6, zinc cobalt ferrite (ZCFO) NPs were result
to be a new antibacterial agent against Klebsiella pneumoniae (28.0 mm ZOI) and
the multidrug-resistant bacterium Enterococcus faecalis (27.0 mm ZOI). ZCFO NPs
can thus be employed as candidate resources in industrial, medicinal, and biological
applications [53].

Naik et al. in 2019 reported that Agar well-diffusion technique has remarkable
antibacterial potential against harmful bacterial strains (S. aureus, E. coli, Pseu-
domonas desmolyticum, and Klebsiella aerogenes). Figure 7 demonstrates the zone
of inhibition of ZnFe,0,4 nanoparticles at different concentrations (50, 100, and
150 g/L) in comparison to the positive control (Ciprofloxacin). ZnFe, O, nanoparti-
cles have strong antibacterial action against S. aureus, E. coli, and P. desmolyticum,
whereas K. aerogenes has moderate activity over E. coli and S. aureus.

The antibacterial efficacy of produced CoFe,0O4 and Zn-doped CoFe,O4 NPs
against gram-negative (Salmonella typhi) and gram-positive (S. aureus) bacterial
strains was investigated using agar well diffusion. In this study, Naik and co-
workers reported that nanoparticles concentration is adjusted between 25, 50, and
100 g/mL. Figures 8 shows that the nanoparticles created have strong antibacterial
activity against the detected pathogens when compared to the traditional medica-
tion (Cifolac). The antibacterial efficacy of Zn-doped CoFe,0O4 NPs against S. typhi
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Fig. 6 Antibacterial activity of zinc cobalt ferrites. Reprinted with the permission of Elsevier
(License Number—5437690262779) Maksoud et al. [53]

(22 mm) at a concentration of 100 g/mL was superior to that of gram-positive S.
aureus.

The antibacterial potential of cobalt ferrite nanoparticles (5.0 mg/mL; 5000 ppm)
against B. subtilis, S. aureus, E. coli, P. aeruginosa, and C. albicans is shown in
Fig. 9. When compared to other metals replaced in cobalt ferrite nanoparticles, the
results show that ZCFO (5000 ppm) was the most powerful and efficient against all
diseases tested, followed by manganese ferrite nanoparticles. ZCFO worked better
against gram-positive bacteria than gram-negative bacteria.
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Fig. 7 a Staphylococcus aureus, b Escherichia coli, ¢ Pseudomonas desmolyticum and d Kleb-
siella aerogenes (S = standard antibiotic; C = control; a, b and c are the different concentration
of nanoparticles: 50, 100, and 150 pg/iL). Reprinted with the permission of Elsevier (License
Number—5434071306856) Naik et al. [79]

5.1 Mechanism of Antimicrobial Action of Ferrites
Nanoparticles

The comprehension of its method of action is a crucial component in the construction
of a more effective antibacterial system. This requires two distinct steps: the first
is how the system will react to physical and chemical changes in environments
that involve aggregation, dissolution, Redox photo-reactions, release of adsorbed
silver species, adsorption or desorption of ions, molecular species, or polymers, or
interaction with other nanoparticles or surfaces, all of which can affect the speciation
of Ferrites, change the metal’s availability, and affect the amount of metal ferrites
that is available. Figure 10 demonstrates the cell-based antimicrobial mechanism of
Ferrite nanomaterials.

This effect is dependent on the organism under consideration, as well as synthetic
factors (ligands type, shape, size, washing steps, dispersion, assessment methods
for the bacterial strain used, growth inhibition due to toxicity criterion or complete
elimination, nature of the test to assess it, presence of light or oxygen, medium
composition, and so on [84]).
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Fig. 8 Antibacterial activities of pure CoFe;O4 and Zn-doped CoFe;O4 NPs. Reprinted with the
permission of Elsevier (License Number—5434100251305) Naik et al. [81]

6 Toxicity of Ferrites

The more pertinent query is: How harmful are ferrite nanomaterials at the conceiv-
able amounts at which they may be used? Although practically everything can be
poisonous at a high enough dose, The type of base material, size, shape, and coatings
will all have a unique impact on any harmful consequences that ferrite nanoma-
terials may have. However, proper methodologies and data interpretation must be
used together with evaluation of assumptions in order to identify and comprehend
the harmful effects of nanomaterials. Different research teams employed various
cell lines, culture settings, and incubation durations in their toxicity investigations
of ferrite nanoparticles. When an external magnetic field is introduced, pure metals
(Fe, Co, and Ni) are easily removed and have the highest modification. In contrast,
they are very susceptible to oxidation and poisonous, making them of limited use in
biological applications [85]. Iron oxide nanoparticles, for instance, are an extensively
researched magnetic material for use in biological applications, and their biocom-
patibility is well proven, despite the fact that their associated ferrites are less harmful
[86].
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Fig. 9 Antibacterial activity of illuminated zinc cobalt ferrite nanoparticles (150 kGy) against
a Bacillus subtilis, b Staphylococcus aureus, ¢ Escherichia coli, d Pseudomonas aeruginosa.
Reprinted with the permission of Elsevier (License Number—5434110409813) Ashour et al. [82]

Because toxicity is dependent on ferrite NP composition and matching size, it is
frequently linked to the same characteristics that make them valuable. The spinel
ferrite NPs have the ability to cause cytotoxicity in many body areas by inducing
reactive oxygen species in the cell [87]. It has been speculated that the production of
reactive oxygen species may be the cause of CuFe,0,’s potential toxicity to human
cell line models.

Another study used in vitro cell culture models to investigate the hazard of
ZnFe,04 NPs on A549, skin epithelial (A431), and liver (HepG2) cells. According
to the literature study, only the toxicity of Fe;O4 NPs to humans is known with
certainty about the toxicity of routinely employed Ferrite NPs. However, reports
of spinel ferrite NPs’ toxicity to bacteria have been made. Even the mechanism of
spinel ferrite NPs toxicity to bacteria is yet unknown, and the biocompatibility varies
according to the numerous previously described parameters [87].
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Fig. 10 Cell-based antimicrobial mechanism ferrites (Adapted and reprinted from Khezerlou et al.

(83D

7 Gaps in Knowledge and Research Requirements

No one denies that ferrite manufacturing will continue to expand year after year,
even in the future, as will the advancement of electronic technology, as stated at the
opening. Ferrites will have consistent and expanded development in science and tech-
nology, and their industries will continue to prosper in the future, provided ferrites-
interested researchers and engineers study more thoroughly at the future features of
ferrites and commit themselves to issues of significant importance. There don’t seem
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to be any compelling basic research challenges that need to be resolved right now in
the fields of ferrites that haven’t already been solved for the most part. As a result,
the majority of scholars who have investigated the fundamental science of ferrites
are currently working on different topics. The creation of a novel, high-performance
production method for thin and thick ferrite films is now a top priority since it will
allow for more reliable mass production of films. Higher quality and more ferrite
chip inductors will be produced as a consequence of the creation of a production
method for ferrite films. The recent expansion of the ferrite sectors has indeed been
ascribed to the improvement of manufacturing techniques and equipment, and the
high efficiency of ferrite products is directly tied to their superior performance.

8 Conclusions

Ferrites-based synthesis of nanomaterials and characterization is one of the active
study fields nowadays. The performance of ferrite NPs is improved by using effective
synthesis techniques that enable them to resist the circumstances for which they are
created. Therefore, finding simple synthesis techniques that produce ferrite NPs
with the necessary size, shape, and characteristics requires sophisticated technology.
Regardless of the availability of numerous synthesis strategies, present approaches
must be developed in order to create purified ferrite NPs with the desired properties
and amounts.

However, there are relatively few publications in peer-reviewed articles on the
amounts of ferrite NPs synthesized. It is highly remarkable to provide data on the
amounts of synthesized NPs in articles in order to motivate studies that aim to increase
both the quality and the numbers. One crucial area that needs further focus is the
usage of ferrite NPs in electronic materials as sensors and biosensors. Recent research
has revealed that doped ferrites with transition metals or rare earth metals resulted
in the formation of numerous distinct ferrite NPs with novel properties. The ability
of doped Fe;O4 with Ni, Co, Mn or Zn to create new and improved Ferrite NPs
has been extensively shown by study. Researchers are still working to completely
utilize the doping of ferrite with rare earth metals, but progress has been achieved
and outcomes are soon to be anticipated. Currently, the methods for characterizing
synthesized ferrite NPs are nearly perfect and widely used in labs; nonetheless, given
the widespread use of ferrite NPs for various purposes, it is possible to anticipate a
growth in the amount of environmental contamination caused by these substances.
Thus, novel apparatus and processes for characterization of diverse types of ferrite
NPs are necessary in order to achieve higher sensitivity, resolving power, and much
more accurate and consistent analytical results. Additionally, a portable gadget is
very necessary to keep track of their environmental concentration. In general, ferrite
NPs are very useful for electromagnetic interference shielding, energy storage, and
sensors and biosensors. In reality, the synthesis of ferrite NPs in sufficient quantities
with the appropriate size, shape, purity, and functionality will continue to be a focus of
future study. Although we are still a long way from having the quality of synthesized
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ferrite NPs and relevant devices deemed necessary for the detection and recognition
of a disease or any biological substituent’s. The incorporation of ferrite NPs into
advanced materials or devices demonstrated potential characteristics for detection,
identification, and rehabilitation of health conditions.
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Chapter 12 ®)
Ferrite Nanoparticles for Corrosion oo
Protection Applications

Nisha Sharma

1 Introduction

Deterioration of materials because of contact with their environment is a frequent
issue. Research into developing an environmentally friendly way to preserve metallic
substrates is advancing because of the current restriction on the use of hazardous
substances. The greatest concern in the world is corrosion since it is a costly
phenomenon that results in irreparable material loss or destruction. The cost of corro-
sion is comparable to about 4% of the GDP, or one-fifth of the global steel output
produced to make up for corrosion-related losses [1-3]. Corrosion is an electrochem-
ical phenomenon that results in the deterioration of metals by transferring charge from
one chemical species to another. Corrosion is influenced by many environmental vari-
ables, such as temperature, pH fluctuations, humidity, gases, salts, contaminants, and
the kinds of electrolyte species that are present on the metal surface [4, 5]. One of the
main issues has been the corrosion that metals experience when exposed to an acidic
or salty environment. Acid pickling, which eliminates impurities from alloys made
of iron, copper, and aluminium by utilising powerful acids like HCl, HF, H,SOy,,
H3PO4, and HNOs, frequently has corrosion as a side consequence. X-80 steel is
recognised as an accessible resource when planning and building lengthy pipelines
and tanks for submerged or underground applications because to its tolerance towards
frequent exposure to acidic and saline conditions. Extreme environments, like those
that are acidic or salty, render X-80 steel more prone to corrosion, which limits its
viable applications for a very long time [6]. Significant losses in the oil business are
also a result of corrosion processes [7].

The costs associated with repairing or replacing corroded materials can be signif-
icantly decreased or even eliminated with appropriate and effective anticorrosion
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treatment [8]. The rate of corrosion can be slowed down by a variety of techniques,
including coating the metal surface, modifying the surroundings, adding corrosion
inhibitors, and modifying pH and potential through cathodic or anodic reaction [9].
In literature, there are various possible methods of corrosion protection (Fig. 1).
Among the many strategies used to prevent corrosion, utilising a corrosion inhibitor
is one of the easiest and most useful approaches.

2 Corrosion Inhibitor

Corrosion inhibitors are chemical substances that can be added to gases or liquids to
slow down the corrosion of specific materials, mainly metals. The application of a
coating to the metal’s surface, acting as a passivation layer and blocking access to the
metal’s surface, would be one approach for inhibiting corrosion. To stop corrosion, the
corrosion inhibitor creates a thin layer of adsorbed film on the metal’s surface. This
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layer isolates the metal from its surroundings and stops corrosion [10]. Inhibitors
are widely used to inhibit corrosion on metal surface. By creating a coating that
resembles a shield on the metal surface, such inhibitors aid in slowing down corrosion.
Due of their low cost and simplicity of usage, corrosion inhibitors are extremely
important. The prevention of metal corrosion is frequently caused by interactions
between free electrons of the inhibitor and vacant orbitals of the metals, which result
in the formation of metal protective surface complexes. These protective layers reduce
the process of metal deterioration by suppressing either the cathodic, the anodic, or
both processes [6].

3 Types of Corrosion Inhibitor

Based on how they resist corrosion on the metal, corrosion inhibitors can be divided
into four broad categories. These kinds include: Cathodic, anodic, volatile corrosion
inhibitors, and mixed inhibitors.

e Cathodic inhibitors reduce the cathodic reaction’s speed or can selectively
precipitate on the metal’s cathodic regions to stop eroded elements from trans-
ferring to the metal surface. Examples of cathodic inhibitors include the ions
sulphite and bisulphite, which can combine with oxygen to create sulphates.
Redox reactions that nickel catalyses are another illustration of cathodic inhibitors.

e Anodic inhibitors coat the metal’s surface with a thin protective oxide layer.
This reaction causes a significant anodic shift, which transforms the metallic
surface into a passivation region. The metal corrosion is lessened because to
this passivation area. Chromate, nitrite, orthophosphate, and molybdate are a few
examples of anodic inhibitors.

e Volatile Corrosion Inhibitors are mainly used to stop corrosion in condenser
tubes in boilers. They may also be referred to as vapour phase inhibitors (VPIs).
The pH of the outside atmosphere is changed by VPIs to a less acidic level to
control corrosion. Common VPIs include the chemicals such as morpholine and
hydrazine, which are used to prevent boiler condenser pipe corrosion.

e Mixed corrosion inhibitors also create a film on the metal’s surface. Both cationic
and anionic processes are reduced by them. This is accomplished by creating a
precipitate on the metal’s surface. Silicates and phosphates, which are employed
as water softeners to prevent water from rusting, are examples of mixed inhibitors.

Corrosion has traditionally been controlled or reduced using organic, inorganic,
and mixed materials inhibitors [7]. Numerous studies have been done on the appli-
cation of various organic and inorganic/metallic nanoparticles with possible anticor-
rosion behaviour in the literature [11]. (i) Compounds having heterocyclic aromatic
rings containing polar elements, such as nitrogen, oxygen, and sulphide, have a lone
pair of electrons that interact chemically with the surface of the metal and make up a
significant group of organic corrosion inhibitors for copper and its alloys. Using this
method, a hydrophobic protective layer that prevents corrosion sites can be absorbed.
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(i1) Amino acids have also been studied in literature as corrosion inhibitors in acidic
settings [12—16]. There is a great need for suitable alternatives because inorganic and
organic inhibitors are extensively employed in the metal industry but are very expen-
sive and hazardous to both individuals and the environment [17]. (iii) Because of
the risk to the environment and public health that traditional anticorrosive pigments
containing lead or hexavalent chromium (VI) (zinc chromate) pose, they are currently
prohibited from use. However, the demand for effective active anticorrosive pigments
persists [18].

Since nanotechnology has impacted every part of our lives today, utilising nano-
materials as inhibitors has grown in popularity due to its remarkable qualities.
Nano materials are effective corrosion inhibitors because they have several bene-
fits, including a high level of inhibition, cheap cost, minimal toxicity, and ease of
production [7]. The greater surface-to-volume ratio of nanoparticles and their addi-
tives compared to their traditional macroscopic counterparts makes them effective
corrosion inhibitors [17, 19]. Nanocompounds slow down the rate of corrosion and
stop surface reactions by obstructing the active sites on the metal surface. Addi-
tionally, they provide thermal stability, optical characteristics, endurance, hardness,
straightness, and endurance [20]. Scientists and professionals have long been inter-
ested in finding safer anticorrosive pigments to replace those that contain hazardous
chromium. Attempts to employ complex metal oxides as pigments that can prevent
steel corrosion have emerged as one of the most promising directions for this search
in recent years [21]. The solution to this requirement could be non-toxic ferrites. The
primary focus of the current work is the utilisation of nanoparticles based on ferrite
as corrosion inhibitors.

4 Ferrite Nanoparticles

Nanoferrites are significant magnetic compounds that exhibit exceptional magnetic
and electrical characteristics as well as high levels of chemical and thermal stability.
These nanomaterials have a wide range of uses. The configuration of ferrite’s tetra-
hedral and octahedral position modifies its general qualities, including its magnetic
property, thermal conductivity, electrical conductivity, and resistivity [7]. Ferrites
have grown in significance and importance over the past few decades because of
their numerous uses in communication, electronics, magnetic recording, biotech-
nology, biomedical sciences, and microwave absorption-based devices, mostly due
to their superparamagnetic capabilities [22]. Over the past ten years, there has been a
lot of interest in nanostructured ferrites since these materials’ structural, surface reac-
tivity, magnetic, electrical, and other properties are all considerably influenced by the
nanostructured phase. Nanoferrites’ anticorrosion properties have not yet been fully
investigated, making this a novel industrial use for ferrites that must be addressed to
offer fresh options for corrosive prevention.
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5 Anticorrosion Properties of Ferrite Nanoparticles

Numerous ferrites have recently been described as pigments that prevent corro-
sion [6]. Recent studies have concentrated their efforts on screening and evaluating
nanoferrite-based anticorrosion compounds as more suitable substitutes to replace
the problems chromate-based pigments. The potential for using ferrites to prevent
corrosion has been demonstrated. These materials are strong, have a low calci-
nation temperature, superior mechanical and tensile strength, are environmentally
benign, and have a variety of other features [23]. As potential eco-friendly pigments,
Grigoriev has carefully examined anticorrosion capabilities, inhibition mechanisms,
preparation methods, novel types of ferrite pigments, and ferrite-based multifunc-
tional coatings based on various ferrites [23]. In the presence of ferrites, there is
a noticeable reduction in corrosion rate. How well lesser quantities of inhibitors
perform as a pigment filler in various polymeric matrixes could serve as a starting
point for the development of corrosion-resistant protective coatings [6]. The cationic
soaps that are created as a result of the reaction between the ferrite pigments and
the binder not only strengthens it mechanically but also makes it less permeable to
dangerous organisms. Ferrites with calcium, magnesium, and zinc cations have also
been evaluated as additive for cationic soap. Hybrid coatings that include organically
modified silicate and zinc nickel ferrites also show improved anticorrosion behaviour
for aluminium alloy. The denser arrangement of organically modified silicate via
nickel-zinc ferrites is thought to have contributed to the coatings’ better perfor-
mance. Furthermore, Miszczyk and Darowicki investigated the using atomic force
microscopy, cathodic and anodic regions were made on steel surfaces, and the effects
of extracts of micronized nickel and zinc ferrite in distilled water were studied [10].
Chaudhry et al. investigated nano-nickel ferrites as an anticorrosion pigment for API
5L X-80 line pipe steel. Using 1 M H,SO4 and 3.5% NacCl, nanoferrites were isolated,
and their defence mechanisms against corrosion are outlined. The effects of nano-
ferrite concentration and metal immersion period on the electrochemical properties
of X-80 line pipe steel have been examined [6]. Al-Cr co-doped magnesium ferrite
and pure magnesium ferrite have been evaluated for their anticorrosion behaviour
by Ahmed et al. These mixed derivatives were made using a polymeric citrate route
combustion technique with urea as an aid. Using electrochemical impedance spec-
troscopy, corrosion protection performance of a thin coating in acidic conditions on
carbon steel has been assessed. Results showed that nanoparticles formed a mono-
layer on the surface of the steel, effectively shielding it from oxidation. It improved
the pathway that iron oxide is formed when water and oxygen combine with iron. Cr
doped Mg ferrite demonstrated the maximum anticorrosion efficiency with a charge
transfer resistance of 27 k. 0.025 g/L of nanoferrite dose for 2 h immersion duration
provide improved corrosion resistance. To prevent surface damage in harsh environ-
mental conditions, steel alloy samples are coated with ferrites to prevent corrosion
[24].

The synthesis, characterisation, and corrosion characteristics of zinc and cobalt
ferrites as a function of time have been examined by Rather. ZnFe,O,4 and CoFe,04
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nanoparticles were created using a thermal treatment approach using poly(vinyl
pyrrolidone) as a stabilizing agent to stabilise the particles and inhibit any aggre-
gation. Zinc ferrite provides corrosion resistance since there become unavailability
of metals for the redox pair reaction. While the passivation layer that has built up
over time provides cobalt-ferrite corrosion protection [25].

By using electrochemical techniques, Herme et al. examined the anticorrosion
behaviour of strontium hexaferrite coating on steel samples in the presence of chlo-
ride ions. Strontium hexaferrite coatings with and without Nd—Co dopants have been
created and tested in a NaCl solution for up to 45 days. At various immersion times,
time variations in the corrosion potential and polarisation resistance measures have
also been assessed. All of the tested ferrite coatings showed strong defence and corro-
sion resistance, which gradually increases with the time of submerging the coated
sample in chloride solution. Even after 48 h of immersion in NaCl 0.5 M, the samples
coated in doped ferrite showed the greatest resistance to the severe environment
[26]. Fe,O5 and ZnO in a molar ratio of 1:1 when calcinated at 1200 °C, results in
formation of zinc-ferrite pigment. Such pigment compositions have been given addi-
tional functionalization using linseed oil. In some paint compositions, the produced
pigment was used. The developed paint films’ corrosion resistance, physicochemical,
and mechanical characteristics were examined. Zinc ferrite being the basic pigment
composition used in anticorrosive paints and also added to organic coating mixture
which cannot saponify resulting in formation of highly corrosion-resistant coatings.
In such coatings, corrosion protection behaviour increases with rise in pigment to
binder ratio [27]. Wu et al. developed hybrid coatings from polyaniline fuctionalised
NiZn ferrite and organically modified silicate through sol—gel fabrication method.
These hybrid films were spin coated over an aluminium alloy to improve its corrosion
resistance. The impacts of the NiZn ferrite: polyaniline composition on the anticorro-
sion behaviour, chain dynamics, and ferromagnetic behaviour of the coated samples
have been evaluated. These hybrids exhibited super-paramagnetic behaviour as their
magnetic characteristics, including zero coercivity at 45 K temperature. As compared
to untreated aluminium alloy substrates, these hybrid coatings display extraordinary
corrosion protection and barrier behaviour as obtained from potentio-dynamic and
salt-spray analysis [28]. Another study evaluated an organic covering for anticorro-
sive behaviour after impregnating it with nanoferrite. Polyaniline-surface-modified
pigments with a variety of chemical makes and particle morphologies were created as
corrosion inhibitors for coatings. These pigments are based on ferrites with alkaline
earth metals Mg, and Ca cations and with Zn cations. The oxidative polymerization
of aniline was then used to coat the primary particles’ surfaces, thus functionalizing
them with electrically conductive polymer. Alkyl resin with a solvent base was used to
create the model coating compositions to test the corrosion behaviour. In the chosen
alkyd resin, the presence of polyaniline is more effective at preventing corrosion
than spinel-type pigments alone [29]. Zinc ferrites and polyaniline hybrid conductive
paint pigments have also been examined as electroactive and anticorrosion paints. By
analysing the linseed oil consumption, specific conductivity, and density of the tested
pigments, these hybrid conductive particles could be added for paint compositions
as anticorrosion component. These coated particles sustain in harsh environment
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thus having high chemical stability. These zinc ferrite/polyaniline particles have the
potential to be used as both an electroactive paint [30]. Al-Rubaiey and colleagues
have studied anti-corrosion capabilities of zinc and nickel ferrite nanomaterials on
carbon steel in Iraqi bentonite mud as a source of the corrosion. It has been observed
that ferrites function as effective corrosion inhibitors of carbon steel under the speci-
fied circumstances. After being calcined at 600 °C, these zinc and nickel ferrites were
discovered to be effective corrosion inhibitors. These nanoferrites achieved up to 35%
reduction of corrosion rate [7]. In recent study, Al-Rubaiey et al. have investigated
nickel and zinc nano-ferrite materials like nickel ferrities (NiFe,Q,), zinc ferrities
(ZnFe;04), and Zn-Ni doped ferities (Zng ¢Nig4Fe,04) as prospective inhibitors to
lessen the corrosion of carbon steel in an oil environment. The anti-corrosion capabil-
ities of carbon steel in Iraqi oil media have been assessed. It has been discovered that
nano-nickel and nano-zinc ferrites could function as a powerful corrosion inhibitor
for the metal carbon steel. When utilising Zn—Ni doped ferities (Zng ¢Nig4Fe,04) in
an environment where crude oil is corrosive, an average reduction in the corrosion
rate of around 38% has been realised [31]. Miszczyk et al. have studied NiZn ferrites
as pigment additive for protective coatings. A ceramic approach has been used to
create NiZn ferrites (Ni,Zn(1x)Fe,O,4) with varied amounts of x =0,0.2,0.4,0.6, 0.8,
and 1.0. Electrochemical experiments employing methods like polarisation curves,
linear polarisation, and electrochemical impedance spectroscopy (EIS) as well as
immersion tests in ferrite extracts have all been used to assess the protective effect of
ferrites. These NiZn ferrite-based pigments can be employed in coatings to act as both
an electromagnetic interference problem-protecting substance and an active anticor-
rosion pigment [10]. By employing zinc as a lamellar-shaped core and zinc oxide
to cover it, Benda et al. have generated a new anticorrosion pigment. This pigment,
with the specified formula Me,Zn;_,Fe;04/Zn and Me,Zn,_,Fe,04 (where Me =
Ca, Mg), is created during the calcination of zinc. The so-called “barrier effect”
of this anticorrosion pigment is a result of its form. This core—shell pigment’s key
advantage is that it combines barrier defence, active anticorrosion defence (typical
for ferrite), and chemical defence supplied by partially oxidised zinc core [32]. It
was found that solvent-borne epoxy resins worked best with the needle-shaped zinc
ferrite ZnFe, 0,4 (-FeO - OH) that was made from goethite. ZnFe,O4 (FeO - Fe,03)
synthesised from magnetite, has demonstrated strong anticorrosion performance in
the case of water-borne epoxy resins. Paints made with styrene-acrylate usually have
lower complex anticorrosion effectiveness scores. The most efficient one, however,
is zinc ferrite ZnFe, 04 (lam-Fe,03) produced from specularite. All anticorrosion
pigments made with a zinc ferrite structure, it can be said, are ideal choices for use
in epoxy water-borne and solvent-borne binders [33]. A number of ferrite spinel
nanopigments have been created by Javidparvar et al. using a surfactant-assisted
solvothermal technique and further functionalized using 3-amino propyl trimethoxy
silane (APTMS). Electrochemical impedance spectroscopy and a salt spray test
were used to examine the inhibitory capabilities of the spinel nanopigments after
being incorporated into epoxy coatings. The APTMS-modified ZnFe,O4 nanopig-
ment improved the barrier behaviour and inhibitive potential of the epoxy coating
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as compared to Fe;O4 nanopigment, [34]. It has been established that organic coat-
ings containing zinc ferrites can shield metal substrates, most frequently low-carbon
steel, by acting as an inhibitor. A functionalized organic covering has been created
by Nechvlova and Kalendova to shield metal surfaces. To assess their synergistic
effect, the anticorrosion behaviour of conductive polymers with zinc ferrite incor-
poration has been examined. For a better understanding of the efficiency of the zinc
ferrite component, the organic coatings were created using hematite and specularite
at pigment concentrations of 5, 10, 20, and 25 wt%. Since conductive polymers are
made up of a system of conjugated double bonds, they naturally possess the ability to
transport a charge along the chain, which gives them their own electrical conductivity
in organic coatings. One hypothesis is that the iron substrate (ferrite component) and
the charge from the chain work together to produce electrons that resulting in the
formation of passivation products on the surface. According to experimental find-
ings, ferritic pigments’ corrosion resistance to a sulphur oxide-containing industrial
atmosphere is significantly increased when they are homogenised with conductive
polymers. Nanoferrites’ spherical shape improved corrosion in the cut, and their
lamellar particle structure prevented blisters from forming on the surface of the paint
film. Since the conductive polymer filled the spaces between the ferritic pigment parti-
cles, it was possible to determine the distribution of the particles in the paint layer
based on their size. With the help of the topcoat’s barrier action, this had the effect
of preventing the corrosive medium from reaching the substrate metal and provided
a synergistic anticorrosion protective effect [35]. In epoxy-based paints, Ahmed
Nivin et al. have created a brand-new ferrite/kaolin core—shell pigment anticorrosion
formulation and compared its effectiveness as compared to original ferrites. The new
pigments are based on precipitating kaolin (core), a widely accessible and econom-
ical material which constitutes up to 80-90%, and shell of different ferrites which
constitutes up to 10-20% composition of the entire pigment. These pigments demon-
strate better corrosion prevention abilities since they integrate the traits of both their
core and shell counterparts. The pigments are also touted as being just as effective at
protecting steel substrates as original ferrites while being just as inexpensive and envi-
ronmentally benign. Physico-mechanical characteristics and corrosion behaviour of
dry films have been evaluated using accelerated laboratory analysis in 3.5% brine for
28 days. These ferrite/kaolin core—shell pigments’ represents identical anticorrosion
behaviour as depicted for ferrite pigments. These pigments can be used as fillers and
reinforcing agents in other polymer composites, such as rubber and plastic. These
environmentally friendly pigments, ferrite and ferrite/kaolin are also cost-effective
[36]. Using a co-precipitation technique, Andrzej Miszczyk has created nanoscale
NiZn ferrites, of chemical formula Ni,Zn(1x)Fe,Oy4. The ability of these nano-sized
ferrites to suppress corrosion has been examined on carbon steel samples. The results
were compared to prior information collected for ceramic ferrites of micron size.
Nano-sized ferrites have been made at calcining temperatures about 600 °C, which
is in comparison to the micro-sized ferrites made by the traditional ceramic solid-
state reaction, which require a temperature of 1200 °C. Nanoparticles exhibit more
advantageous anticorrosion characteristics on steel. These nanoscale ferrites have
also been studied as microwave absorbers, with the microwave reflectance of the
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coating being evaluated between 6.5 and 15 GHz. Contrary to micro-ferrite-filled
coating, nanoferrite-filled coating displayed a greater minimum reflection frequency.
Nanoferrites exhibit stronger anti-corrosion inhibitory characteristics as validated
through various electrochemical experiments. These NiZn ferrites have also been
discovered to be appropriate for use in the reduction of EMI as microwave shielding
and absorption materials. They might be an acceptable and affordable addition to
contemporary multifunctional coatings because of their anti-corrosion qualities [18].
To create polymer films and further assess their anti-corrosion effects on API 5L
X-80 carbon steel, Chaudhary et al. created a novel organic coating impregnated
with nano nickel-zinc ferrite. Organic coatings with anti-corrosion capabilities can
benefit from the synergistic effects of adding inorganic oxide, which improve phys-
ical and/or chemical properties. Corrosion behaviour have been evaluated by treating
the sample in 3.5% NaCl for 216. The surface that had corroded was examined using
optical microscopy, field emission scanning electron microscopy, and X-ray diffrac-
tion methods. Improvements in the steel’s anti-corrosion capabilities were seen when
nickel zinc ferrite was included into the polymeric covering. The mechanism for
corrosion protection was thought to be the leaching and precipitation of metallic ions
on the damaged surface, which lowered corrosion activity [37]. Paints with mixed
metal oxide-based pigments have been examined for their anticorrosion qualities by
Andrea Kalendova et al. The high-temperature solid-phase technique has been used
to create various spinels of cation combinations, such as Ti—-Zn—-Mg or Fe-Zn-Mg,
with layers of ZnO and MgO. Investigations have been made into the anticorrosion
and physico-mechanical characteristics of various paint films comprising nanoferrite
and alkyl resin containing soy oil. The pigments based on ferrite showed the best
anticorrosion effectiveness. With higher Zn levels in the pigments, the anticorrosion
effectiveness was shown to rise [38].

6 Possible Anticorrosion Mechanisms Adopted
by Nanoferrites

There are numerous theories about how ferrites prevent corrosion. Depending on their
composition, mode of interaction, method of manufacturing, etc., various nanofer-
rites take on distinct modes of operation. The primary mechanisms used by nanofer-
rites are barrier generation and neutralisation and passivation. According to published
research, the most widely recognised and suggested mechanism for ferrite’s anticor-
rosive behaviour is based on the formation of non-soluble compounds [39] and passi-
vation of the metal’s surface [10, 27, 40—42]. Nanoferrites precipitate on the metal’s
surface and slow down the electrochemical reaction that results in the mobility of
ionic and non-ionic species [43]. According to Kinnari et al., “the observed inhibitive
activity is owing to the adsorption of magnetic nanoparticles on the steel surface,
providing a barrier between the metal and the harsh environment” is one of their
proposed mechanisms [7]. The anticorrosion activity of ferrite spinel pigments is
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Fig. 2 Type of anticorrosion mechanism (a) plausible anticorrosion mechanisms adopted by
nanoferrites (b)

based on the formation of zinc or calcium soaps through interaction with a suitable
binder [44]. Since the aqueous extracts of spinel pigments have a pH of 9.8, they
neutralise the acid binders and change the pH to a range that does not encourage
corrosion. As a result, spinel pigments also exhibit neutralising capabilities. Spinel
pigments can also be utilised to replace existing harmful anticorrosion pigments
because they are medically safe [45]. The paint film’s mechanical characteristics are
enhanced as a result, while its permeability to the harsh environment is decreased.
If the corrosive substances are changed into a state that doesn’t harm the metal, the
spinel-type pigment exhibits both a barrier effect and a neutralisation effect [46].
Plausible anticorrosion mechanism adopted by nanoferrites is depicted in Fig. 2.

In active—passive areas, ferric salts and nitrates promote metal passivity. The
extract method can be used to analyse the inhibitory action of ferrites on metal
substrates. In this procedure, the pigments are dissolved in corrosive solution to
produce pigment ions, and the substrate metal is submerged in the solution to test for
anticorrosion features like passive layer development [6]. Such nanoferrite-based
pigments prevent cathodic reaction and have strong anticorrosive properties. In
addition, they can serve as a suppressor for microwaves [10].

7 Factors Affecting Anticorrosion Behaviour of Ferrite
Nanoparticles

According to published reports, because of their potent electromagnetic properties,
tolerable saturation magnetization, and good chemical stability, zinc ferrites and
nickel zinc ferrite are particularly appealing additives for corrosion protection. Nano-
ferrites are soft magnetic materials due to their low hysteresis and high permeability
[43]. Nanoferrites’ anticorrosion behaviour is influenced by several elements. For
ferrites to increase their anticorrosion characteristics, their morphology and chemical
composition are critical [47]. Compared to a straightforward epoxy resin coating, the
inclusion of strontium hexaferrite improves the steel’s protection against corrosion
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[24]. It was established that ferrites doped with Nd—Co had higher corrosion protec-
tion and resistance to harsh environments than ferrites that are unaltered. These paints
that have been modified to contain hexaferrite can be used on exposed surfaces to
shield against radiation and provide strong corrosion protection. Ferrites can be used
as anticorrosion pigments in spinal-based inorganic pigments because they maintain
their effectiveness even when exposed to high temperatures and harsh environments.
When a concentrated NaCl solution was utilised as the corrosive agent, the coatings
continued to offer protection, and the currents increased by an order of magnitude
while remaining consistent despite changes in immersion time [26].

8 Future Scope of Nanoferrites

Although only a few studies on nanoferrites’ anticorrosion uses have been done,
there is still plenty of room for functionalizing and modifying new such spinals for
corrosive inhibition as well as materials/additives for more safer technologies. These
materials could be used in the near future for various applications like aerospace
research, defence research, as well as deep sea oil refining and transportation as they
are stable at greater temperatures as well as in severe circumstances.

9 Conclusion

Although technological development and advancements have improved quality of
life, they have also had certain unfavourable repercussions. One of the worst effects
on metallic surfaces is corrosion. Corrosion deteriorates the material’s physical and
chemical properties, causes serious flaws in the machinery, and ultimately serves as
the primary cause of numerous accidents and deaths. The primary remedy for this
entails a variety of chemical and electrochemical processes, as well as coating for the
exposed metallic surfaces; however, these remedies are similarly transient in nature.

In recent years, nanotechnology has become a leading source of information for
a variety of issues because to the creation of complex nanomaterials. The main char-
acteristics of nanoscale materials include increased surface area, improved chem-
ical reactivity, and mobility. New nanomaterials called ferrite nanoparticles have
a high surface-to-volume ratio and exhibit superparamagnetic behaviour. Diverse
researchers’ main areas of study in recent years have included the potential anticor-
rosion behaviour of ferrite-based nanoparticles. Nanoparticles may be anticorrosive
through a variety of ways. According to the foregone study, nanoferrites have proven
to be good additives for anticorrosion applications, and there is still much need for
research into the precise mechanism and important features of materials that are
changed by the addition of nanoferrites.
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Biomedical Applications of Ferrites e
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Abbreviations

AFM Atomic Force Microscopy

AlIDs Acquired Immuno Deficiency syndrome
IONPs  Iron Oxide Nanoparticles

MFNPs  Magnetic Ferrite Nanoparticles

MHT Magnetic Hyperthermia

MRI Magnetic resonance imaging
NPs Nanoparticles
PET Positron Emission Tomography

1 Introduction

Ferrite, a kind of ceramic, is predominantly made of iron (III) oxide with minute
quantities of one or more other metallic elements (Fe,Os3, rust) [1]. Its chemical
formula is M (Fe,O,), where M stands for any metal that forms divalent connec-
tions. Figure 1 displays the unit cell of a spinel structure. They are ferrimagnetic,
which means that they can be magnetized or drawn to a magnet, and are electrically
nonconductive, making them one of the few substances with these two properties [2].
Ferrites have advantages over other types of magnetic materials like high resistivity,
wide frequency range, low cost, a wide range of materials, economical assembly,
and time and temperature stability [3].
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Fig. 1 Crystal structure of a cubic ferrite, Reprinted from Publication “Ferrite Materials: Nano to
Spintronics Regime”, vol. 23, R. K. Kotnala and J. Shah Copyright (2015), with permission from
Elsevier [4]

Ferrites can be categorized into two families considering their magnetic coer-
civity, or resistance to demagnetization. Because of their high coercivity, hard ferrites
are difficult to demagnetize. They are employed in the manufacturing of magnets,
which are utilized in components for tiny electric motors, loudspeakers, and refrig-
erator magnets, among other things. Low coercivity is a property of soft ferrites.
They are employed in the electronics industry to produce ferrite cores for inductors,
transformers, and various microwave components. Orthoferrites, garnet, spinel, and
magnetoplumbite are the four crystal forms that can form from ferrites [5]. In Table
1, several ferrites have been categorized.

Ancient people’s first naturally occurring ferrite was Magnetite (Fe;Oy), also
known as a loadstone, and has been applied to the treatment of widespread illnesses.
Due to their uses in a variety of fields, particularly the biomedical fields where their
improved magnetic characteristics enable a range of imaging diagnoses and therapy,
ferrites in particular are different metal oxide nanoparticles that have garnered a
lot of interest recently. There are several additional types of ferrites that have been
developed and suggested for use in various applications, but cobalt, nickel, and zinc
ferrite due to their strong magnetic anisotropy and biocompatibility, has the potential
to be employed in biomedical applications [6—12]. Such magnetic ferrite nanoparti-
cles” (MFNPs) most enticing feature in medicinal applications is that they may carry
out numerous tasks initiated by an undetectable, tissue-penetrating magnetic field
because magnetic fields can’t penetrate organic tissues [13, 14]. Natural magneto-
tactic bacteria, for instance, in their cells build a permanent dipole using a chain
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Table 1 Classification of ferrites

Ferrites Crystal structure Composition and examples

Spinel Cubic M?*Fey3+04
where M2* can be any ion like N 2t Zn%*, Mn?*,
Cu?*, Mg?* ions, or their combination

Orthoferrites | Orthorhombic perovskite AFe|2019 M-type AoM;Fe 6027 Y-type
A4MsFe36060 U-type where M?2* can be ions like
Fe?t, Ni%*, Mg2+ ions, or their combination

Hexaferrite | Hexagonal magnetoplumbite | R3*Fe3*03
Where R3* can be ions like Gd3*, Sm3*, Lu3*,
Y3+ Nd'§+

Garnet Cubic R¥*Fes**0y,
Where R can be ions like Y3+, Gd3*

of IONPs, which enables them to move to their preferred habitats by the detec-
tion of the earth’s magnetic field [15]. Numerous fascinating in vivo biomedical
applications are made possible by the remarkable magneto-responsive characteris-
tics of MFNPs. These include the use of imaging for non-invasive disease detection
[16], hyperthermia disease treatment [17], magnetically powered nanorobots [18],
magnetic activation of ion channels for cell signaling [19], control over the function
and fate of individual cells [20, 21], and more. Cancer is recognized as one of the most
difficult difficulties confronted by medical researchers. The use of magnetic nanopar-
ticles (NPs) is intended to both enhance therapy efficacy and track the development
of advanced metastatic cancer [22]. The ability of magnetic NPs to functionally
bind with various species, including chemotherapeutic agents, nucleic acids, anti-
bodies, and radio nuclides, is used in drug delivery procedures [23]. Additionally,
their work in the field of theragnostic therapy is seen as a blend of research and
treatment. Applications of spinel ferrites that have recently attracted a lot of atten-
tion include the treatment of tumor cells with magnetic hyperthermia and contrast
MRI of human body parts. Compared to conventional approaches, the utilization
of thermotherapy and radiology-based diagnosis and treatment for diseases with a
chronic carcinogenic origin has several advantages. Maintaining high magnetism is
difficult since it declines when size is shrunk to the nanoscale, so engineering and
intrinsic magnetic properties of these nanoferrites are critical, with the appropriate
synthesis method playing a critical role. In the following sections of this chapter,
we summarize comprehensively the magneto-responsive mechanism and the crucial
magnetic properties of MFNPs that might affect the effectiveness of the applications,
and other innovative biomedical ferrite applications and discuss the prospects and
challenges of this field.
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2 Hyperthermia

Hyperthermia, or a mild rise in temperature to about 40 degrees Celsius, may cause
cancer cells to die and improve the effects of radiation and chemotherapy. However,
due to its failure to effectively and locally heat malignant cells, it was unable to
reach its full potential as a clinically important therapeutic approach. The majority
of current research focuses on the effectiveness and effects of magnetic hyperthermia
as a possible therapeutic intervention for cancer [24]. By targeting cancer cells that
collect in tumors using magnetic nanoparticles administered intravenously, changing
the magnetic field is then employed to raise the nanoparticles’ temperature, which
is present in the tumor tissue. This focused technique enables the local warming up
of cancer cells while preventing damage to nearby healthy tissue, thereby improving
the efficacy and safety of hyperthermia. Magnetite nanoparticles are the materials
that are most frequently utilized to treat brain gliomas in mice, and after three cycles
of treatment, tumor size decreased from 30,376 to 2683 mm?. Unusual FM vortex-
domain nanoring (FVIOs) has recently been developed with extraordinarily high
SAR up to 3050 W/g, a factor of magnitude larger than the clinically employed
SPM IONPs. In the in vivo investigation, it was demonstrated that using FVIOs
to deliver effective anti-tumor magnetic thermotherapy at low doses (0.3 mg/cm?
of tumor tissue) was possible (as shown in Fig. 2). Magnetic nanoparticles can be
administered intravenously, intra arterially, intracavitarially, or intratumorally to the
tumor. Because the majority of the nanoparticles will be eliminated by the body, oral
administration is not an option.

Magneto Thermodynamic (MTD) therapy (Fig. 2) was suggested as a comparable
treatment. By combining magnetic heating of IONPs with its immunological action
associated with the generation of active oxygen, this suggested MTD treatment solved
the drawbacks of conventional magnetic hyperthermia and efficiently inhibited tumor
development. Magnetic particles are localized in the tumor through intra-tumoral
and intra-cavitary injection, which can effectively heat primary tumors. Intravenous
administration is the most adaptable delivery route for a variety of oncological disor-
ders, even though the aforementioned methods of administration are suitable for
some situations. The buildup of tumor nanoparticles depends in part on the effect of
increased permeability and retention when magnetic iron oxide particles are given in
this manner. This phenomenon describes how nanoparticles have the propensity to
collect primarily in tumors because of the permeability of their vasculature and inad-
equate lymphatic drainage. Target ligands, such as peptides, aptamers, and ligands of
certain receptors found on the surface of tumor cells, might increase the absorption of
nanoparticles by cancerous cells. When a magnetic field is alternately present, their
predominant concentration in malignant neoplasms causes targeted local heating of
tumors while protecting nearby normal tissues. Dextran-coated magnetic nanoparti-
cles were used in recent research to cure dangerous glioblastomas in Fisher rats [26].
The researchers also noted a statistically significant difference between the moni-
toring and treatment groups’ mean survival rates (p < 0.01) [27]. The development of
precipitates also increased when the temperature rose up to 47 °C inside the tumor,
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Fig. 2 a TEM picture of FVIOs, b FVIOs and Resovist’s SAR, ¢ hyperthermia for Resovist and
FVIOs, respectively Fe3O04-Pd NPs are shown in (d) by TEM. e Images of 4T1 cells taken under
the following various treatments. Using DCFH-DA, ROS production was observed (green). Fe3O4-
Pd NPs exposed to AMF, 4T1 tumor-bearing mice were thermally imaged (f). g Digital images
of tumor tissues after they had various treatments. Reprinted from Publication “Enhancing the
magnetic responsiveness of ferrite nanoparticles for cutting-edge biomedical applications”, Wang
et al. (2020) Materials Today Advances, Volume 8, with permission from Elsevier [25]

indicating that the animal’s survival rate increased by 4.5 times, from 15.4 (6.3) to
39.7 (3.5) days. A recently developed biocompatible Fe;O4-Pd NPs may concur-
rently generate more ROS and much higher magnetic photo heating efficiency. The
anticancer experiment demonstrated that the tumor was entirely eradicated on Day
18 and that 4T orthotopic breast cancers were totally inhibited (as shown in Fig. 2).
Additionally, few studies demonstrate the use of iron oxide and iron-based magnetic
NPs for the treatment of melanoma in vivo. After receiving magnetic NPs treatment,
tumor weight dropped from 1.6 to 0.75 (control) mg in a statistically significant (p <
0.1) manner. In a new finding for the magnetic characterization, thermal character-
istics, and cytotoxicity of Fe;O4, CoFe,04, MgFe, 04, and NiFe,O4 nanoparticles,
the Fe;O,4 nanoparticles displayed a high-temperature increase and good biocompati-
bility [28]. These nanoparticles are therefore appropriate for hyperthermia treatment.
Despite the positive outcomes of magnetic hyperthermia preclinical experiments,
there are still many issues to be resolved. This includes establishing the best ranges
for magnetic field intensity and frequency, relating those ranges to the length of the
course of treatment, assessing the toxicity of magnetic nanoparticles (including how
much of that toxicity depends on the presence of particular ligands that facilitate
the accumulation of magnetic particles in tumor cells), and figuring out the best
concentration for the organ in question.
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3 MRI and Cancer Diagnosis

Because early detection is connected with a better prognosis with any sort of therapy,
there are several motivations to create technology that can detect cancer in its early
stages [29]. Due to the availability of curative therapy, first-stage cancer discovery
is often linked with a 5-year survival rate of more than 90% of patients. Cancer may
currently be found using several medical tests, including blood, urine, or imaging
methods [30]. Conventional imaging methods often identify cancer after it has already
developed to a size of a few millimeters (e.g., MRI) or centimeters (e.g., PET)
and contain more than a million cells [31]. To address this drawback, molecular
imaging has recently been proposed. Recent advancements in molecular cell biology,
imaging, and nanotechnology made it feasible to create this novel imaging modality.
While magnetic resonance imaging (MRI), which offers the high-quality resolution
in comparison to other employed techniques and is very minimally invasive, is of
particular interest, molecular imaging applies to a variety of imaging methods such
as computed tomography, ultrasound, and positron emission tomography (PET).
Unfortunately, because of its limited specificity, MRI has not been used to its full
potential for the detection of cancer. However, the unique features of superparam-
agnetic nanoparticles (NPs), which may be used to be identified with MRI in fewer
quantities and cell markers, can be used to overcome the lack of MRI specificity.
When super (paramagnetic) nanoparticles are introduced into a magnetic field, they
disrupt the field and speed up the water proton relaxation process, allowing for
MRI detection. Due to their distinct magnetic properties and smaller sizes, which
however are comparable to the biological molecules, such as enzymes, and receptors,
nanoparticles, which are typically smaller than 100 nm, have been used in medicine to
enable diagnostic, therapeutic, and combined diagnostic and therapeutic procedures
[30, 32].

Nanoparticles with potential medicinal uses for MRI are made of a variety of
substances, including metals (cobalt, gold, and silver) and metal oxides (Fe;Oy,
TiO,, and Si0,). The smallest and tiniest superparamagnetic iron oxide particles are
the most prevalent and the first to be used in MRI nanoparticles (SPIO and USPIO).
Considering that they were employed for the clinical identification of localized liver
and spleen lesions using MRI since 1987, magnetic iron oxide particles have been
used in medicine. As a result of the liver’s iron overload brought on by the hepato-
biliary system’s selective activity, applications of iron-based nanoparticles increased
MRI sensitivity. Biologists, pharmacologists, physicists, doctors, and the pharma-
ceutical sector have lately used nanoparticles. For the therapy, roughly 20 clinically
authorized nanomedicines are employed. Examples include the cobalt-based drug
Doxil, which is made up of nanoparticles with a polyethylene glycol covering and is
used to treat Kaposi’s sarcoma linked to AIDS as well as refractory ovarian cancer.
Breast cancer is treated with Abraxane, a cobalt-containing albumin-bound form of
paclitaxel with an average particle size of 130 nm.
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3.1 Contrast Agents

Contrast enhancers are often utilized in MRI images, which are classified based on
relaxation times T1 or T2 [33]. The MRI signal is likely to have been enhanced by
the MFNPs’ dipole—dipole interaction with the surrounding water molecules, which
decreased the longitudinal (T1) or transverse (T2) relaxation durations of the nearby
water protons. Utilizing relaxivity, the MR contrast agent’s ability to contrast is
evaluated (rl or r2). Based on theoretical considerations, it is well acknowledged
that relaxation enhancement of contrast agents follows both inner- and outer-sphere
routes. The inner-sphere proton must be relaxed by a direct interaction between
water molecules and paramagnetic ions. However, coherent proton spin dephasing
and outer-sphere proton relaxation are related. The contrast agent’s relaxivity is thus
determined by the sum of the inner-sphere and outer-sphere contributions [34—40].
The outer-sphere contribution frequently predominates the T2 relaxation augmenta-
tion for MFNPs. The relaxation contributions of the outer-sphere and inner-sphere
proton are both significant for the enhancement of T1 relaxation, as shown by the fact
that the contribution from the inner-sphere mechanism cannot be disregarded when
the nanoparticles are smaller than 5 nm [41]. T2, the relaxation times can be impacted
by superparamagnetic NPs, and such contrast agents with increased magnetic suscep-
tibility and relaxivity have been obtained and reported in the literature. Additionally,
T1-T2 switchable MRI may be accomplished by designing MFNPs as a flexible
platform for dual modal T1-T2 contrast agents (Fig. 3).

Engineered MFNPs for sensitive MR contrast agent
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Fig. 3 Diagrammatic representation of the engineering considerations while modifying the relax-
ivities of MFNPs. Reprinted from Publication “Enhancing the magnetic responsiveness of ferrite
nanoparticles for cutting-edge biomedical applications”, Wang et al. (2020) Materials Today
Advances, Volume 8, with permission from Elsevier [25]
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Additionally, these NPs have been widely employed for the marking and moni-
toring of individual cells as well as imaging cell clusters and tissues [42]. For
all-purpose targeted imaging, a number of non-specific superparamagnetic contrast
agents are acceptable [43]. These can also be employed for targeted medication
administration to help their aggregation in cancer areas and enhance MRI resolu-
tion. To target hepatocellular carcinoma specifically, anti-glypican antibodies and
anti-fetoprotein can be utilized as the outer shell [44]. Despite the lack of partic-
ular biomarkers, contrast agents made of superparamagnetic NPs can provide higher
contrast with a small amount [45]. Superparamagnetic contrast chemicals have been
crucial for tissue imaging and diagnostics. The potential of MRI as a trustworthy,
non-invasive imaging and early cancer detection technique will grow as a result of a
future research study using tailored contrast agents [46].

4 Drug Delivery

Due to their versatility in modifying their properties for various biological applica-
tions, spinel ferrite nanoparticles have attracted a lot of interest as a drug delivery
system when used in conjunction with an external magnetic field [47-50]. A “magic
bullet” that would solely kill sick tissue was proposed around a century ago [51].
The use of microencapsulated medication particles has been around since the 1950s
[52]. Since then, there have been a significant number of papers in this biological
field. The literature now accessible contains several studies and research papers
concerning nanoparticles made of silica, gold, polymers, and other materials [53—
55]. Since a variety of nanoparticles may be employed, it is clear that magnetism isn’t
a requirement when building a drug delivery nanosystem. However, there has been
a lot of interest in using magnetic ferrite nanoparticles for drug delivery in recent
years [12]. The conventional drug delivery approach results in whole-body toxicity
and decreased therapeutic effectiveness by distributing drugs to cells and tissues in
non-specific ways and causing metabolic instability [7]. Another impressive prop-
erty of spinel ferrite nanoparticles is their capacity to deliver harmful drugs to cells
by encasing them within the polymer matrix [56, 57]. With the use of an external
magnetic field, spinel ferrite nanoparticles may readily travel to the target tumor
location and help offer successful therapeutic treatment of cancer cells by avoiding
normal cells [58]. They can also carry medications and circulate without spilling.
Multifunctional nanoparticles, which include semiconductors (for cell imaging), anti-
cancer medicines, and spinel ferrite nanoparticles, are excellent for cancer treatment.
It has been established that CoFe,O4 nanoparticles with lauric acid caps might be
employed as a potential drug delivery system with the pH-sensitive release [59]. Due
to increased permeability and retention (EPR) caused by the nano-sizes of NPs, in
tumor tissues, there is a tendency for passive accumulation [60]. This passive targeting
takes use of the damaged vasculature, the micro tumor environment’s varying pH
and temperature levels, and the lymphatic drainage system’s poor function, as well
as the altered vasculature that increases the EPR effect in cancer cells. According
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to a study, manganese ferrite nanoparticles coated in chitosan and PEG effectively
encapsulated methotrexate, whereas Mgy 5Coq sFe;O4 nanoparticles functionalized
with chitosan enhanced 5-FU distribution in in vitro MCF-7 cells. Under acidic
circumstances, a drug release that is pH-sensitive was triggered in both trials. Under
various pH settings, identical stimuli-responsive drug delivery employing ZnFe,O4
and Ag*Zn*Fe, 04 NPs was shown.

It was also determined that Zn*Mg*Fe, O, NPs with high drug-loading capacities
and predictable drug releases were used for drug delivery. Furthermore, 90.6 to
95% of the medication is released steadily over 24 h at a pH of 7.4 was observed
in Gd** ion-doped CoFe, 0,4 NPs for MRI contrast enhancement and tailored drug
delivery. These studies demonstrate that CoFe,O4 NPs can be combined with a
variety of other nanocarrier substances, including liposomes, polymers, hydrogels,
and silica, improving critical elements for drug delivery applications to be successful,
it is essential to have precise targeting, accelerated and sustained drug release, and
enhanced half-life. In a different work, co-precipitation was used to create bismuth-
doped Ni-ferrites (NiFe>*Bi*O4) NPs, which were suggested as being effective for
locating magnetic carriers. Additionally, adding biocompatible materials to the top
or bottom of spinel ferrite nanoparticles may aid to increase their stability and lessen
their toxicity in cells. Spinel ferrite nanoparticles must not retain any magnetization
after the external magnetic field has been removed in order to be employed for
magnetically driven medication delivery. Additionally, they can maintain colloidal
stability and avoid aggregation as a result, consequently, they might be utilized in
biological applications. One of the hypothesized causes of the agglomeration of
spinel ferrite nanoparticles is a magnetic attraction between the particles [61].

Protein-based therapies and nucleic acid biopolymers are predicated in great part
on effective cellular absorptions. It is crucial to employ magnetic NPs as vectors
given the focus on expensive production methods, concerns about viral safety, and the
need to avoid using non-viral vectors. The accumulation and precipitation of nucleic-
based treatments are also helped by the manipulation of external magnetic fields for
superparamagnetic NPs, which numerous studies have demonstrated dramatically
lowers in vitro gene manifestation rates [62].

5 Biosensors

Recently, sensors created using nanostructured materials offer several benefits over
sensors made with traditional materials in terms of sensitivity and specificity. Nanos-
tructured materials exhibit unique qualities and present a special type of quick and
affordable sensing detection. Magnetic oxides, such as nanoferrites, have been more
widely used among these materials for the last 20 years as noble detecting mate-
rials in the manufacturing, medical, and ecological detection sectors. Energy storage
technologies (batteries and supercapacitors), transformer cores, sensors, microwave
applications, and medicinal applications, nanoferrite materials have found successful
use in all the above-mentioned devices. Recently it has also been found that spinel
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ferrites nanoparticles have shown immense potential, specifically in electrochem-
ical sensors, gas sensors, and biosensors [63]. It is the composition, microstruc-
ture, environmental factors, synthesis methods and distribution of cations and anions
between the tetrahedral and octahedral positions of the crystal lattice which decide
the electrical characteristics of nanoferrites.

Biosensors consist of the biological element and transducer, which make use of an
associated physical change, as the main component. The associated physical change
could be caused by various changes, for example calorimetric biosensors make use
of amount of heat produced by the reaction, potentiometric sensors make use of
the charge distribution, potentiometric biosensors make use of changing electrical
potential, amperometric biosensors make use of the movement of electrons gener-
ated in a redox reaction, antigen—antibody reactions’ detection and amplification
is the main principle of immuno biosensors and the optical biosensors make use
of amount of light generated during the reaction [64]. There are numerous treat-
ments of different varieties which utilize non-invasive biosensors, decrease the level
of environmental pollution, screening of different illnesses, keep track of general
health care, various veterinary and agricultural applications, and industrial processing
and tracking. Screening and tracking of various environmental pollutants are done
by making use of various biosensors that combine immunosensors, aptasensors,
genosensors, and enzymatic biosensors. The suitable recognition components of
these biosensors are antibodies, aptamers, nucleic acids, and enzymes. In the past
few years, the sensing performance of CoFe, 04, NiFe,0,4, ZnFe,04, MnFe, 0,4, and
mixed ferrites has been explored as a high sensing material for the biotic sensors
in many industries [65]. Future trends in sensor development that are projected
to have an impact on biosensor action mostly relate to immobilization techniques,
nanomaterials, miniaturization, and the design of multisensory systems.

6 Brain Stimulation

The magneto-thermo-genetics approach (magneto genetics) is a technique that uses
MEFNPs to stimulate the brain under AMF based on the magneto thermal effect [66].
The benefits of magneto genetics include cell type specificity, improved geograph-
ical and temporal precision, and a lack of need to tether animals to an energy source
when compared to second-generation techniques (electrodes and chemicals) and
conventional techniques (electrodes and chemicals) (ultrasound and optogenetics).
Because of this magneto genetics to trigger the TRPV 1 has garnered a lot of interest
(316 K), a transient receptor potential vanilloid 1 that is heat-sensitive [67]. For
instance, it was seen that heating MnFe,O4 NPs may activate the TRPV1 channel.
Increased intracellular calcium concentration, primary hippocampus neuron action
potentials, and retraction movements in C. Elegans worms under partial anesthesia
were the effects of this. To control the production of insulin in mice, Fe;O4 Anti-
His antibody-coated nanoparticles may use an extracellular approach to target the
TRPV1 channel with His 6-epitope tag, remotely trigger the generation and release
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of proinsulin and activate TRPV 1. The identical study group then developed a modi-
fied chloride-permeable TRPV1, and they achieved neural inhibition utilizing the
same heat stimulation that reduced eating in response to blood sugar levels. Fe;O4
remotely activates TRPV1 and elicits excitement in the targeted ventral tegmental
region in vivo. Recently, it was proven that capsaicin receptor TRPV1 which is
heat-sensitive, activation by magnetic nanoparticles can cause minimally invasive
and distant neuronal stimulation. Mice’s ventral tegmental area is stimulated using
wireless magneto thermal technology, exciting the targeted brain region, excitatory
input-receiving structures, and neuronal subpopulations [68]. The release of tiny
molecules (agonists or inhibitors) from thermally sensitive lipid vesicles might be
triggered by the heat generated by MFNPs and used to them genetically activates
designed receptors [62]. A crucial and innovative technique for brain stimulation is
the chemogenetic regulation of specific neural circuits utilizing MFNPs in order to
study brain processes and neurological disorders [25].

7 Magnetically Powered Nanorobots

In order to diagnose and cure illnesses in intricate biological contexts, MFNPs may
be combined into nanorobots of various forms and propelled magnetically thereafter
[69, 70]. As an illustration, effectively controlled and in the vitreous body of the eye,
we accomplish effective cluster movement by fabricating nanorobots in the form
of propellers wrapped in a lubricating nanoliquid layer [71]. A magnetic soft robot
with arectangular sheet form was created [ 18] using silicone elastomer-encased, hard
magnetic neodymium-iron-boron micro particles. This robot can alter its shape and
perform a variety of tasks, including crawling, rolling, walking, leaping, and swim-
ming, by gradually altering the external magnetic field. It was able to discharge the
payload that was attached to the robot as well as do other practical duties like grasping
an object and moving it to a certain area. A technique for encoding numerous shape
deformation instructions into micromachining by programming a nonmagnetic array
of single-domain on a stretchable silicon nitride (SizNy4) substrate has recently been
developed [72]. In the nanomagnets by delivering a certain magnetic field sequence
with a sufficiently adjusted switching field, this operation was accomplished, which
led to the precise shape alterations of the bespoke micro machines. A magnetic
DNA hydrogel that is incredibly soft and elastic was used as the foundation for a
DNA robot [73]. This DNA robot demonstrated shape-adaptive behavior and allowed
magnetic mobility in constrained and unstructured environments. Future innovations
in minimally invasive medicine are anticipated to come from magnetically propelled
nanorobots.
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8 Organ Resuscitation

The “standard approach” for thawing tiny quantities of frozen biological tissue is
convective warming. Convective warming, on the other hand, will not be sufficiently
uniform across the system when biological tissue volume grows, leading to the break-
down of cell structure as a result of water crystallization. Too far, convective warming
of modest amounts, typically about 1 mL, is the only method that can successfully
rewarm tissues that have been vitrified in VS55 [74]. In order to limit thermal mechan-
ical stress and the initiation of fractures as well as to stop the crystallization of the
rewarming phase, successful rewarming needs both uniform and quick rates. Cryop-
reserved biomaterials’ thawing process may be made better by using MFNPs with
rapid and uniform heat production under AMF.

Having an 80 mL maximum capacity for the preservation solution, few researchers
[75] reported successfully thawing the heart valves and blood arteries of big by
coating IONPs with silicon dioxide. Without producing ice crystals, the tissue may
be evenly heated at a roughly constant pace. The NPs were removed from the tissue
after it had entirely melted in order to leave behind a largely pure and functional
tissue. The tissue restored using this nanoheating technique was essentially equiva-
lent to the normal tissue, as was proven in the comparison test trial at the cellular level.
This finding demonstrated that the tissue was not damaged by the nanoheating tech-
nology, in contrast to other tissues retrieved using conventional heating techniques
that showed varying degrees of destruction.

9 Conclusion and Future Perspective

Ferrites have drawn a lot of interest in the past ten years because of their elemental
makeup, which makes them biocompatible and biodegradable. Magnetic nanopar-
ticles are particularly appealing, especially for applications in the biomedical field.
Recently, however, research has focused on alternatives such as spinel ferrites, a kind
of magnetic nanomaterial that can increase magnetic qualities like coercivity and
anisotropy without sacrificing the benefits of iron oxide nanoparticles themselves.
Cancer gene therapy, drug release, biosensors, nanorobots, and cancer diagnostics
are some of the major biological uses of SFNPs. All of these biological applica-
tions are made possible by nanoferrites’ outstanding characteristics and adjustable
magnetic behavior.

Further study is necessary to synthesize significant amounts of ferrites for medic-
inal use at a reasonable cost. When employing different nanoferrites for biomedical
applications, stability and biocompatibility are the main issues that need to be taken
into consideration to increase effectiveness. Additionally, the use of ferrites in several
biological fields appears to be crucial, but before commercialization or widespread
use, it is vital to take into account and thoroughly examine the danger and toxicity
of specific ferrites. Therefore, the appropriate measures should be adopted in order
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to prevent unanticipated repercussions and contribute to sustainable uses in many
biological application areas. Generally speaking, the incorporation of ferrites into
innovative materials or devices demonstrates potential properties for the identifica-
tion, and remediation of health concerns, while there is still a long way to go to
achieve the quality of synthesized ferrites and applicable technologies required for
sickness detection and identification.
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