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Preface

Ferrites are ceramic materials composed of iron(III) oxide mixed with small quanti-
ties of one or more metallic elements, such as cobalt, nickel, zinc, manganese, 
strontium, and barium. There are different types of ferrites, including spinel, gar-
net, ortho, and hexagonal ferrites. The crystallography, structural, electrical, and 
magnetic properties of ferrites depend upon the fabrication and chemical composi-
tion as well as the various heat treatments used during the preparation process of 
ferrites. Ferrites have unique electrical and magnetic characteristics that are useful 
for a wide range of technological applications including refrigerators, air condition-
ers, microwave ovens, radio and telecommunication devices, and computers. 

The book includes seven chapters that focus on the fabrication and study of struc-
tural, magneto-electric, and dielectric properties of cobalt–erbium ferrites, nickel 
ferrite, manganese–zinc ferrite, zinc–copper ferrite, and graphene-based cobalt 
ferrite for microwave shielding. It also discusses applications of ferrites as electrode 
materials for supercapacitors. Moreover, the book examines nanoferrite-based drug 
delivery systems as adjuvant therapy for cancer treatment as well as the current 
and future challenges in this area. All the authors are experts and active in their 
respective research areas and thus this book provides the most current information. 
Proper references are provided at the end of each chapter that direct readers to the 
best sources in literature for more detailed information about the subject. 

I am grateful to all the contributing authors for their help in completing this project. 
Many thanks to the staff at IntechOpen for making this book possible. I am par-
ticularly thankful to Author Service Manager Ms. Marica Novakovic for her affable 
and cooperative behavior throughout the publishing process. I hope this book helps 
readers obtain further knowledge about ferrites and their applications in different 
areas. 

Maaz Khan
Pakistan Institute of Nuclear Science and Technology,

Pakistan

XII



Preface

Ferrites are ceramic materials composed of iron(III) oxide mixed with small quanti-
ties of one or more metallic elements, such as cobalt, nickel, zinc, manganese, 
strontium, and barium. There are different types of ferrites, including spinel, gar-
net, ortho, and hexagonal ferrites. The crystallography, structural, electrical, and 
magnetic properties of ferrites depend upon the fabrication and chemical composi-
tion as well as the various heat treatments used during the preparation process of 
ferrites. Ferrites have unique electrical and magnetic characteristics that are useful 
for a wide range of technological applications including refrigerators, air condition-
ers, microwave ovens, radio and telecommunication devices, and computers. 

The book includes seven chapters that focus on the fabrication and study of struc-
tural, magneto-electric, and dielectric properties of cobalt–erbium ferrites, nickel 
ferrite, manganese–zinc ferrite, zinc–copper ferrite, and graphene-based cobalt 
ferrite for microwave shielding. It also discusses applications of ferrites as electrode 
materials for supercapacitors. Moreover, the book examines nanoferrite-based drug 
delivery systems as adjuvant therapy for cancer treatment as well as the current 
and future challenges in this area. All the authors are experts and active in their 
respective research areas and thus this book provides the most current information. 
Proper references are provided at the end of each chapter that direct readers to the 
best sources in literature for more detailed information about the subject. 

I am grateful to all the contributing authors for their help in completing this project. 
Many thanks to the staff at IntechOpen for making this book possible. I am par-
ticularly thankful to Author Service Manager Ms. Marica Novakovic for her affable 
and cooperative behavior throughout the publishing process. I hope this book helps 
readers obtain further knowledge about ferrites and their applications in different 
areas. 

Maaz Khan
Pakistan Institute of Nuclear Science and Technology,

Pakistan





Section 1

Synthesis

1





Chapter 1

Synthesis and Study of Structural
and Dielectric Properties of Dy-Ho
Doped Mn-Zn Ferrite
Nanoparticles
Krishtappa Manjunatha,
Veerabhadrappa Jagadeesha Angadi,
Brian Jeevan Fernandes and
Keralapura Parthasarathy Ramesh

Abstract

The Dy-Ho doped Mn-Zn Ferrite nanoparticles have been synthesized by
solution combustion method using mixture of fuels as glucose and urea. The syn-
thesized samples of structural properties were characterized through XRD (X-ray
diffraction) and dielectric properties were studied through impedance analyzer.
The XRD patterns of all samples confirms the spinel cubic structure having space
group Fd3m. Further all synthesized samples reveal the single-phase formation
without any secondary phase. The lattice parameters and hopping lengths were
increases with increase of Dy-Ho concentration. SEM micrographs shows the
porous nature for all samples. The crystallite size increases with increase of Dy-Ho
concentration. The Dielectric properties of all the samples were explained by using
Koop’s phenomenological theory. The real part of dielectric constant, imaginary
part of dielectric constant and dielectric loss tangent were decreases with increase of
frequency. Th AC conductivity increases with increase of frequency. The real part
of impedance spectra decreases with increase of frequency for all samples. The
Cole-Cole plots shows the one semicircle for all samples. The high ac conductivity
and low dielectric loss observed for all samples at high frequency region and this
samples are reasonable for power transformer applications at high frequencies.

Keywords: Mn-Zn Ferrite nanoparticles, solution combustion method, Koop’s
phenomenological theory, Cole-Cole plots

1. Introduction

Nano-ferrites, which are currently being studied, have piqued curiosity on
account of their remarkable electrical properties. Due to their extraordinary physical
and chemical properties, spinel ferrites nanoparticles have become a significant field
of research in nanotechnology, nanoscience, and nanoelectronics [1–6]. A kind of
high resistance spinel ferrite with a conventional AFe2O4 formula, where A alludes to
divalent (+2) metal ions. In deciding their significant applications, dielectric and
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electrical examinations of spinel ferrites assume a vital role. Doping has a considerable
impact on the semiconductive property of spinel ferrites. The high electrical resis-
tance of soft ferrites, which prevents undesirable eddy current losses in AC fields, is
the most important asset they create for being qualified for high-frequency applica-
tions. Spinel ferrites might be utilized in a MCS (microwave communication system)
[7], magnetic transmitter feeder [8], pulsed current monitor [9] and gas sensor [10].
Spinel ferrites, on the other hand, have excellent chemical stability and biocompati-
bility under physiological conditions [11]. Impedance spectroscopy was used to
explore the electrical characteristics of spinel ferries. Electrical similar circuits with
inductors, capacitors and resistors are commonly utilized models for complex imped-
ance. A comprehensive impedance examination can provide the necessary informa-
tion of a material’s dielectric characteristics. This research enables for the separation
of distinct total impedance contributions arising from bulk conductivity and interfa-
cial phenomena, such as grain boundary, grain, and other electrode interface results.

Mn-Zn ferrites are relied upon to be mixed ferrites with Fe2+/Fe3+ ions affecting
dielectric characteristics at both A-site and B-site. As a result, Mn-Zn ferrites offer a
wide range of electrical properties that can be applied to a wide range of technological
applications, including telecommunications [12]. Few researchers are researching the
effect of rare earth such as Sm, Gd, Eu, and Ce among others, on the varied properties
of Mn-Zn ferrite, according to a thorough literature assessment [13, 14]. The dielectric
properties of Zn0.2Ni0.8-xCuxFe2O4 (x = 0 to 0.6) can be enhanced by replacing Ni2+

with Cu2+, according to Houshair et al. Rao et al. [15] examined on the cation distribu-
tion of Ni-Zn-Mn ferrite NPs. Bharamagoudar et al. [16] reported that the
Mn1 � xZnxFe2O4 (where, x = 0, 0.25, 0.5, 0.75, 1) were prepared by solution combus-
tion method and the dielectric constant decrements with enhancing of Zn content. In
addition, Qian et al. [17] found that introducing Nd into Ni-Zn ferrite increased the
dielectric properties. Impedance spectroscopy, in particular, has been carried out in
various research. Rare earth (RE) metal ions (Dy&Ho) with larger ionic radii can
cause crystal structure distortions [18]. As a result, replacing trivalent iron with RE
metal ions at the Fe site improves dielectric and structural properties in Mn-Zn fer-
rites. There have been several studies on the integration of RE ions intoMn-Zn ferrites.

The main goal of this work is therefore to understand the dielectric constant,
dielectric loss tangent, ac conductivity, cole-cole plot and impedance spectroscopy
of Dy-Ho doped Mn–Zn ferrite. As indicated by the investigation accomplished,
replacing of Fe3+ ions with a larger Dy3+-Ho3+ ions results in a significant rise in
dielectric and ac conductivity. In our current paper, we investigated the structure,
dielectric properties of the current systems.

2. Synthesis method and characterizations

Stoichiometric quantity of metal nitrates such as manganese nitrate, zinc nitrate,
ferrous nitrate, dysprosium nitrate, holmium nitrate and reducing agents as stoi-
chiometry quantities of fuels glucose and urea were mixed in 30 ml distilled water,
and the combined solution was taken in a borosil glass beaker. Then combined
solution was continuously stirred for 60 min to achieve a homogeneous solution. At
450°C, this homogeneous solution was kept in a box style muffle furnace that had
been preheated. The solution boils, froths, and then burns with a smoldering flame
at first. The combustion process will be completed within 20 minutes. The flow
chart of solution combustion method as shown in Figure 1.

The XRDwas characterized by utilizing CuKα radiation (λ = 1.5406 Å) and the 2θ
diffractogramwas run from 20° to 80° with a stage size of 0.02We can deduce
crystalline phase and structure fromXRD patterns. The surfacemorphology of the all
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samples were analyzed by SEM images and the images were carried out by using JEOL
(model JSM-840). For dielectric studies, the pellet of the sample was prepared using
hydraulic press. The silver was pasted on it to get the electrical contact and heated in an
oven for 2 hours at 55°C. The impedance spectroscopymeasurement was performed in
the frequency range up to 10MHz using an Novocontrol Alfa A impedance analyzer.

3. Results

3.1 Structural analysis

The Figure 2 depicts the XRD pattern of Mn0.5Zn0.5DyxHoyFe2-x-yO4

(x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs. The single-phase cubic
structure was verified for all samples, and the pattern matched data card ICDD#10–
0319 perfectly. The miller indices (hkl) suggested a spinel cubic structure without
appearance of secondary phases. The lattice constant (a) values of were estimated
by using the following relation [19].

a ¼ λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

2 sinθ
(1)

For x = y = 0.005 to 0.03 concentration, the values of ‘a’ were found 8.3964 to
8.4245 Å, respectively. Eq. (1) was utilized to estimate the crystallite size of
Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030)
NPs using the Debye Scherrer Equation [20, 21];

D ¼ k λ
βcosθ

(2)

The “λ” denotes the X-ray wavelength, the “β” denotes the FWHMvalue, k is the
Scherrer constant and θ denotes the diffraction angle. The crystallite sizes measured
were 11.88 to 6.44 nm for x = 0.005 to 0.03, respectively. Large ionic radius of rare-

Figure 1.
Flow chart of solution combustion method for Dy-Ho doped M-Zn Ferrite NPs.
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earth ions increases the lattice parameter value while decreasing the average crystallite
size, which is a popular trend [22]. However, in some cases, such as in our investigation,
the researcher found different actions. The introduction of the Dy3+-Ho3+ ions cause
increases in the lattice parameter in our analysis. As the large ionic radius of Dy3+

(0.912Å) andHo3+ (0.901Å) ions replaces the small ionic radius of Fe3+ (0.645Å) ion at
the B-site position, the lattice structure becomes asymmetric [23]. The hopping length
at tetrahedral and octahedral sites was estimated by using following equations

LA ¼ √3a
4

and LB ¼¼ √2a
4

(3)

and observed the increase of hopping lengths with the increase of Ho3+ content
as the lattice parameter increased gradually [24].

3.2 SEM analysis

SEM micrographs of Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010, 0.015,
0.020, 0.025 and 0.030) nanoparticles are shown in Figure 3. The existence of surface
morphology with pores, holes, and on their surfaces can be seen in the figures. The
development of the fuels during the combustion process resulted in the formation of
the dry frothy powder. We are unable to measure grain size due to the porous nature
of the samples. The micrographs show that the particles are agglomerated, showing
that the magnetic nanoparticles in powder form have a strong connection [25].

3.3 Dielectric studies

3.3.1 Real part of dielectric constant

The variation of real part of dielectric constant (ε00) with applied frequency as
shown in Figure 4. The ε’ reduces as the frequency increases, stays constant at
higher frequencies, and declines as the Dy3+ and Ho3+ content increases. This

Figure 2.
The XRD patterns ofMn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs.
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behavior could be explained by using Koop’s theory. In the lower frequency zone,
the electrons exchange between ions follows the applied electric field and is
responsible for high value of ε’ [26]. Due of high conducting grains, the ε’ is

Figure 3.
SEM micrographs of Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030)
nanoparticles.
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frequency independent at higher frequency region. The ionic and orientation
polarizations weaken and eventually disappear as frequency rises, resulting in a
drop in dielectric constant at higher frequency region [27]. Polarization is caused by
electron exchange between Fe3+ and Fe2+ ions on the octahedral site in the ferrite
lattice at lower frequencies.

3.3.2 Imaginary part of dielectric constant

The variation of real part of dielectric constant (ε00) with applied frequency as
shown in Figure 5.

The concept of polarization and the hopping process can be used to understand
the dielectric behavior of ferrite materials [28]. The following is the explanation for
the observed dielectric loss in the ferrite samples: at lower frequency region the
electron exchange between Fe2+ and Fe3+ is predominant and it follows the applied
electric field. As the increase of frequency, the electron exchange between Fe2+ and
Fe3+ ions does not follow the applied electric field.

3.3.3 Dielectric loss tangent

The variation of dielectric loss tangent (tan δ) with applied frequency as shown
in Figure 6. Dielectric loss tangent in the ferrites is due to the lag of polarization
with respect to the applied field [29, 30]. Ferrites with high tanδ are suitable
candidates for the manufacturing of high frequency heating systems. Tanδ
decreases with the applied frequency for each sample. This can be ascribed based on
Koop’s phenomenological model [31, 32]. At low frequencies region non conducting
grain boundary gives maximum contribution for polarization. At lower frequency
grain boundary contribution dominates results high resistivity and high value of
dielectric loss tangent. Large quantity of energy is required for electron exchange

Figure 4.
The variation of real part of dielectric constant (ε0)with applied frequency of Mn0.5Zn0.5DyxHoyFe2-x-yO4
(x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs.
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between Fe3+ ions and Fe2+ ions at low frequency ensuing high value of loss tangent.
At higher frequencies, small quantity of energy is enough for exchange of electron
between Fe2+ and Fe3+ gives low resistivity and low value of loss tangent [33, 34]. At
x = y = 0.005 concentration sample shows hump at mid of the frequencies, which

Figure 5.
The variation of imaginary part of dielectric constant with applied frequency of Mn0.5Zn0.5DyxHoyFe2-x-yO4
(x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs.

Figure 6.
The variation of dielectric loss tangent with applied frequency of Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005,
0.010, 0.015, 0.020, 0.025 and 0.030) NPs.
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was happened due to exchange of electron between ions frequency is matched with
the applied frequency [35].

3.3.4 AC conductivity

The variation of AC conductivity (σacÞ with applied frequency as shown in
Figure 7. The frequency enhances with diminishing in σac which can be explained due
to hopping model. At lower frequency side independent of conductivity, so the σac is
small at lower frequency side. The Ho3+-Dy3+ ions substitution on Fe3+ ions of B- site,
here the electron exchange between ions and there is no electrons exchange between
A site-B site. The electron exchange between A site-B site is most significant contrast
with A site- A site and B site-B Site of spinel ferrite sample. The conduction mecha-
nism enhances with enhancing the polarization there by enhancing the σac [36].

3.3.5 Real part of impedance (Z0) and imaginary part of impedance (Z″)

The variation of real part of impedance (Z0) with applied frequency as shown in
Figure 8. The spectra unmistakably shows that the Z0 is diminishes with enhancing
the frequency. Furthermore, because to the charge space polarization of the spinel
ferrite sample [37], it remains constant at high frequency region. The imaginary
part of impedance (Z″) varies with applied frequency, as shown in Figure 9. This
spectrum (Z″ V/s log f) also named as loss spectrum. The frequency grows as Z″
decreases, and it reaches its maximum value at a certain frequency. The frequency
then increases as Z″ decreases. Furthermore, the highest peak value rises as the
concentrations of dysprosium and holmium rise. It results in the presence of relax-
ation time in the samples, which occurs as a result of space charge relaxation, which
occurs when the sample is made up of grain borders and grain [38]. Furthermore, as
the frequency shifts from low to high, the conduction mechanism shifts as well.

Figure 7.
The variation of AC conductivity with applied frequency of Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010,
0.015, 0.020, 0.025 and 0.030) NPs.
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3.3.6 Cole-Cole plot

The Cole-Cole plots (Z″ along y-axis and Z0 along y-axis) as shown in Figure 10.
shows the and this plot is called Cole-Cole plots. The occurrence of a non-Debye
kind of relaxation phenomenon in the Dy-Ho doped Mn-Zn ferrite NPs is con-
firmed by the Cole-Cole plots complex impedance spectra of the semicircle spectra.

Figure 8.
The variation of real part of impedance (Z0) with applied frequency ofMn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y =
0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs.

Figure 9.
The variation of imaginary part of impedance (Z″) with applied frequency ofMn0.5Zn0.5DyxHoyFe2-x-yO4 (x =
y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs.
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Further, the maximum peak increases with increasing the Dy-Ho concentration. For
the analogous circuit model, three series sets of capacitance and resistance are
created in parallel. The complex impedance formula of an equivalent circuit is
shown in Eq. (4) [39, 40].

Z ¼ Z0 þ iZ˝ ¼ 1=Rb þ iωCbð Þ�1 þ 1=Rgb þ iωCgb
� ��1 þ 1=Rel þ iωCelð Þ�1 (4)

Where Rb is the resistance of the material and Cb is the capacitance of the
material, Rel and Cel is the contact impedance between material in the electrode.
The capacitance and resistance assigned by Cgb and Rgb, respectively and brought
about by the combination of grain boundary.

4. Conclusions

The synthesis of Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010, 0.015, 0.020,
0.025 and 0.030) NPs by solution combustion technique. The lattice parameters
increases with increase of Dy-Ho content due to ionic radius of Dy3+ (0.912 Å) and
Ho3+ (0.901 Å) ions greater than of Fe3+ (0.645 Å) ions. SEM micrographs shows
the porous nature for all samples. The development of the fuels during the com-
bustion process resulted in the formation of the dry frothy powder. The Dielectric
properties of all the samples were explained by using Koop’s phenomenological
theory. The ε0, ε00and tanδ were decreases with increase of frequency. Dielectric loss
tangent in the ferrites is due to the lag of polarization with respect to the applied
field. The AC conductivity rises as the frequency rises. For all samples, the real part
of the impedance spectra diminishes as the frequency increases. Noticed that the
maximum peak value increases with increase of dysprosium and holmium content
in the imaginary part of impedance spectra. It gives a presence of relaxation time in
the samples and it happened due to the space charge relaxation that overwhelms
when the sample is composed of grain boundaries and grain. The appearance of a
non-Debye type of relaxation phenomenon is linked to the presence of a single
semicircle in the Cole-Cole plots for all samples. The high ac conductivity and low

Figure 10.
Cole-Cole plots of Mn0.5Zn0.5DyxHoyFe2-x-yO4 (x = y = 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) NPs.
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dielectric loss noticed for all samples at high frequency region are reasonable for
power transformer applications at high frequencies.
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Chapter 2

Crystal Chemistry, Rietveld
Analysis, Structural and Electrical
Properties of Cobalt-Erbium
Nano-Ferrites
Edapalli Sumalatha, Dachepalli Ravinder,
Nyathani Maramu, Shubha, Butreddy Ravinder Reddy,
Sadhana Katlakunta, Koteswari Gollapudi and
Rajender Thota

Abstract

Synthesis of Cobalt-Erbium nano-ferrites with formulation CoErxFe2-xO4 (x = 0,
0.005, 0.010, 0.015, 0.020, 0.025, and 0.030) using technique of citrate-gel auto-
combustion was done. Characterization of prepared powders was done by using
XRD, EDAX, FESEM, AFM and FTIR Spectroscopy, DC resistivity properties respec-
tively. XRD Rietveld Analysis, SEM, TEM and EDAX analysis were taken up in
studying spectral, structural, magnetic and electrical properties. XRD pattern of CEF
nano particles confirm single phase cubic spinal structure. The structural variables
given by lattice constant (a), lattice volume (v), average crystallite size (D) and X-ray
density(dx), Bulk density (d), porosity (p), percentage of pore space (P%), surface
area (s), strain (ε), dislocation density (δ), along with ionic radii, bond length and
hoping length were calculated. SEM and TEM results reveal homogeneous nature of
particles accompanied by clusters having no impurity pickup. TEM analysis gives
information about particle size of nanocrystalline ferrite while EDAX analysis con-
firm elemental composition. Emergence of two arch shaped frequency bands (ν1 and
ν2) that represent vibrations at tetrahedral site (A) and octahedral site(B) was indi-
cated by spectra of FTIR. The samples electrical resistivity (DC) was measured
between 30°C -600°C with Two probe method. XRD Rietveld analysis confirm crys-
tallite size lying between 20.84 nm–14.40 nm while SEM analysis indicate formation
of agglomerates and TEM analysis indicate particle size ranging between 24 nm–

16 nm. DC Electrical measurements indicate continuous decrease in resistivity with
increasing temperature while increasing doping decreases curie temperature. The
Magnetic parameters such as Saturation magnetization (Ms), Remanent magnetiza-
tion (Mr), Coercivity (Hc) and Squareness ratio (R = Mr/Ms), Magnetic moment (nB)
were altered by doping of Er+3 content in the increasing order (x = 0.00 to 0.030).
The increasing erbium content decreases magnetization thus converting the sample
into soft magnetic material. Observations indicated strong dependence of magnetic
properties on Erbium substitution and coercivity varies in accordance with anisot-
ropy constant. Due to the presence of magnetic dipole Erbium substituted cobalt
ferrites can be used in electromagnetic applications. The present study investigates
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the effect of different compositions of Er3+ replaced for Fe on structural properties
and electrical resistivity of cobalt ferrites.

Keywords: Electrical Resistivity Properties, Co-Er nano-Particles, TEM, XRD,
FESEM, EDAX, AFM

1. Introduction

Vigorous research has been accomplished on the fundamental, technological and
potential applications of nano-ferrites. Nanomaterials of spinel ferrite have several
applications in technology that include magnetic diagnostics and drug delivery [1],
potential applications that include high density magnetic information storage devices
[2], ferrofluid technology [3], magneto caloric refrigeration [4], magnetic recording
media, magnetostriction [5], magnetic sensors, microwave devices and electrical
generators etc. Ferrites are also used for catalyst and electronic devices. Ferrites are
insulators exhibiting various magnetic and electric properties such as low electrical
conductivity, dielectric loss, magnetic loss, relative loss factor, moderate dielectric
constant, high initial permeability and saturation magnetization. Low eddy current
and high resistivity makes ferrites better choice than metals [6]. Doping and thermal
changes during synthesis and processing of cobalt-ferrites alter the distribution of
metal ions influencing their structure and magnetic properties [7]. Priya et al. [8]
doped Al ions, with Cobalt ferrite nano particles. They observed that Al doped cobalt
ferrite to be suitable for high frequency applications and magnetic memory devices.
Nasir Amin et al. [9] synthesized yttrium substituted cadmium ferrites. They
reported yttrium doped Cd nanoferrites can be used in high-frequency microwave
absorbing devices. Salma et al. [10] synthesized ferrite series having formulation
SrYbyFe2–yO4 (y = 0.00 to 0.10). They observed the dispersion of frequency of
ferrites is responsible for the natural magnetic resonance phenomenon and the
domain wall pinning. As per the literature net magnetic moment of lanthanide series
elements/ions depend on f-orbital electron number in which Er+3 is of small size
(89 pm) with large magnetic moment (7 μB) [11]. Magnetic anisotropy of cobalt
ferrites if doped get influenced by the existence of Er+3 because of strength in spin-
orbit coupling. The present work reports the preparation and characterization of
erbium doped cobalt ferrites combined by Citrate-gel auto combustion. The studies of
CoErxFe2-xO4 with cobalt content x values ranging between 0.000 to 0.030 with step
increase of x = 0.005 was reported. The crystallite size decrease with increasing
erbium content indicating increase in surface area of the particle making it a good
adsorbent. These adsorbents can be used in gas sensors and waste water treatment etc.

2. Experimental procedure

Synthesis of Cobalt-Erbium nano-ferrites with citrate-gel auto combustion tech-
nique was taken up with starting materials Cobalt Nitrate (Co (NO3)2�6H2O),
Ferricnitrate (Fe (NO3)3�9H2O), Erbium Nitrate (Er (NO3).6H2O), Citric Acid
(C6H8O7�H2O) and Ammonia solution (NH3) of 99.9% purity after weighing as per
stoichiometric ratio. Later liquification of metal nitrates in distilled water was done
and the mixture was stirred at 300 rpm for one hour to obtain a clear homogeneous
solution. Next citric acid in aqueous form and metal nitrate was maintained in 1:3
ratio for all samples. Now, ammonia solution was added drop by drop to maintain
Ph = 7. This solution on stirring was heated at 100°C temperature for ten to twelve
hours to form a viscous gel. The water contained in the mixture gets evaporated
slowly to form dry gel generating internal combustion to form a black colored
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desired sample. This sample was manually grinded and subjected to calcinations at
500°C in furnace for 4 hours. The step by step procedure for the synthesis of crystal
ferrites is shown in the form of flow chart in Figure 1. Pellet was prepared with KBr
hydraulic press (Model: M-15) in 2–3 mm thickness and 10 mm diameter size

Later these samples in pellet or powder form were used to characterize the
material. Structural properties were analyzed with XRD (Bruker, CuKα,
λ = 0.15406 nm), TEM (Model JEOL 2100F, Japan), Field-emission Scanning
Electron Microscope (JEOL JSM-7600 F, Japan), Energy Dispersive X-ray Analyzer
(EDAX) and, Atomic Force Microscopy (AFM: VEECO, USA). Two probe method
was used to study electric properties.

Figure 1.
Flow chart for the synthesis of cobalt-erbium ferrite using citrate-gel auto combustion technique.
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3. Results and discussion

3.1 XRD analysis

Figure 2 displays the XRD Rietveld Refinement corresponding to samples of
CoErxFe2-xO4 with values of x between 0.00 to 0.030 (x = incremented by 0.005).

Figure 2.
XRD Rietveld refinement pattern of Er-substituted CoFe2O4.
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It is observed that the peaks analogous to diffraction planes [111], [320], [311],
[400], [511] and [440] match with usual data (JCPDS card no. 022–1086)
confirming FCC cubic spinel structure for samples investigated [12, 13]. Figure 3
shows shift in XRD peaks towards left hand side with increasing concentration of
Er+3 ions in CoFe2O4 particles in concurrence with ‘a’ value. Table 1 lists different
parameters of XRD calculated for CoErxFe2-xO4 nanoparticles. The values of ‘a’
were calculated from the equation given [14].

a ¼ d ∗ h2 þ k2 þ l2
� �1=2

(1)

where cell constant is given by ‘a’, inter planer spacing calculated from Bragg’s
equation (2 dsin θ = nλ) is denoted by ‘d’ and miller indices are done by ‘h,k,l’.

It was reported that, low concentration RE (rare earth) doping in spinel ferrite
experience phase separation and grain boundary diffusion giving rise to precipita-
tion of additional crystalline phases like hematite (a-Fe2O3), metal monoxides and
orthoferrites (REFeO3) [15–17]. Hence in case of rare earth doped ferrites,
Er+3doped CFO having no impurity phase (x ≤ 0.010) is exceptional and is because
of auto-combustion. Induced effect due to substitution of erbium on the structure
reflects two main observations given by decrease in size of crystal and increase in
lattice constant both on small scale. The value of lattice constant slightly enhanced
between 8.361 Å to 8.398 Å for x = 0.000 to x = 0.030 as per Law of Vegard [18].
Scherrer formula was used to calculate the crystallite size given by [19]:

L ¼ 0:9 ∗ λ
βCosθ

(2)

Figure 3.
XRD pattern of Er-substituted CoFe2O4 and shifting of peaks.
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where ‘λ’ = wavelength of x ray,‘β’ = peak width at half maximum height and
constant ‘K’ = 0.9. The data related to intense peak (311) was used in estimating size
(L). The results indicated reduction in size of crystallite from 20.84nmto14.40 nm
(for x = 0.0 to 0.030). Further, the high intense peak (311) shifts towards the lower
angle with increasing values of x (Figure 3). Table 1 lists the physical parameters
obtained from XRD which indicated increase in lattice constant of Co-Fe-Er spinel
lattice which might be due to replacement of 8 smallCo2+and Fe3+ ions with big Er3+

ions. Huge difference in radii of these three ions induce strain during formation of
lattice and diffusion processes. Requirement of more energy in absorbing RE3+ ions
with more radii while replacing Fe3+to form RE-O bond decreases crystallization
energy and leads to particles of small size. Earlier literature reported similar results
on RE-ion substituted cobalt ferrite [20–23]. From Table 2, EDAX confirmed the
effect of incorporating Er3+ into CFO and stoichiometric amount of O, Fe, Co, and
Er atoms. Therefore, XRD results are liable for expansion of unit cell due to larger
Er3+ ion doping in CFO. Calculation of X-ray density (Dx) was done using [24]:

dx ¼ 8 ∗M
Na3

(3)

Here
‘M’ = compositionmolecular weight.
‘N’ = Avogadro’s number.
‘a’ = lattice constant.
X-ray density value is found to increase from 5.3344gm/cm3 to 5.3392gm/cm3

(x = 0.00 to x = 0.030) with increasing Er3+ content. The bulk density increased
from 3.2113to 3.2141 (x = 0.00 to x = 0.030). At the same time, CoFe2�xErxO4

ceramics having more Er content (x = 0.015) exhibited lower ErFeO3 orthoferrite
amount along with primary spinel ferrite phase. Cobaltferrite in inverse spinel form
has tetrahedral site occupied by half of Fe+3 while the remaining half of Fe+3 and
Co�2 occupy octahedral sites [25]. Any change in site occupation of Fe+3 and Co�2

might be because of preparation technique and affect cell constant. Bulk densities
were found from the relation [26].

d ¼ m
πr2h

(4)

where pellets mass, thickness and radius are given by ‘m’, ‘h’ and ‘r’. Bulk
densities exhibit inhomogeneous behavior due to pallets variable thickness and
mass. The values of porosity in percentage were found using the relation.

Composition dA-A dB-B dA-B dA-OA dA-OB

CoFe2O4 3.620 2.956 3.466 1.926 2.025

CoEr0.005Fe1.995O4 3.622 2.958 3.468 1.927 2.026

CoEr0.010Fe1.990O4 3.625 2.960 3.471 1.928 2.027

CoEr0.015Fe1.985O4 3.628 2.962 3.473 1.930 2.029

CoEr0.020Fe1.980O4 3 631 2.964 3.476 1.931 2.031

CoEr0.025Fe1.975O4 3.633 2.966 3.479 1.933 2.032

CoEr0.030Fe1.970O4 3.636 2.969 3.481 1.934 2.033

Table 2.
Summarizes different bond lengths of A, B sites due to Er+3 ion doping in spinel lattice.
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P% ¼ 1–d=dxð Þ � 100 (5)

Here d and dx are apparent and experimental densities. Surface area was calcu-
lated by using the Eq. (16).

S ¼ 6000
D ∗ d

(6)

Here, S = area of surface, D = crystallite size, d = Bulk density.
Strain was calculated by using the following Equation [27].

Strain εð Þ ¼ 1=D^2 (7)

Dislocation Density calculated by using following equation

Dislocation density δð Þ ¼ 15ε=aD (8)

Here ε is strain, a is lattice constant, D is crystallite size. Packing factor is
calculated by using following equation

P ¼ Lnm
d

(9)

Here L is crystallite size, d is inter planner spacing.
Cationic distributions that depend on factors like synthesis, total energy and

thermal history are useful in understanding spinel ferrites behavior (electric and
magnetic). Cationic calculations play important role in this regard. Average ionic
radii of A, B sites were calculated from Stanley’s equations:

rA ¼ u� 1=4½ �a� 3ð Þ0:5 � Ro (10)

rB ¼ 5=8� uð Þa� Ro (11)

Here Ro is the radius of the oxygen ion (1.35 Å), ‘u’ is the oxygen parameter
whose ideal value is 0.375Å and experimental value is 0.383Å.

Bonding lengths and hopping lengths are calculated by using following
formulas [28].

Bonding lengths: Hoping lengths:

dA�A ¼ a
4
� 3ð Þ0:5 (12)

dB�B ¼ a
4
� 2ð Þ0:5a (13)

dA�B ¼ a
8
� 11ð Þ0:5 (14)

dA�OA ¼ a u� 1
4

� �
∗ 3ð Þ0:5 (15)

dB�OB ¼ a 2 u� 3
8

� �2

þ 5
8
� u

� �2
( )0:5

(16)

LA ¼
ffiffiffi
3

p

4
� a (17)

LB ¼
ffiffiffi
2

p

4
� a (18)
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The difference in ‘u’ value in comparison with its ideal value on substituting Er+3

ions has been explained with rA values. Increasing rA values increase ‘u’showing
distortion in CoFe2O4 spinel lattice. Calculated values of ionic radii for B-sites are
slightly higher than A-site because more Er+3 ions reside at B-site than A-site. Hopping
length is the gap betweenmagnetic ions at A, B sites. The hopping lengths between
magnetic ions at A, B sites are denoted by LA and LB whose values reduce with addition
of Er+3 content and is consistent with variation in lattice constant on adding Er+3 ions.
The determined values from the formulas (10), (11), (17) and (18) are listed inTable 1.

By using the relations below structural parameters associated with A, B sites are
calculated. Magnetic interactions and their strengths among AA, BB and AB sites
mainly depend on bond length and bond angle existing between positive and nega-
tive ions. Increase in bond angle increases magnetic interaction strength while it
reduces with increasing bond length as the strength has direct relation with bond
angle and inverse relation with bond length. Table 3 summarizes different bond
lengths of A, B sites (dA-A, dB-B, dA-B, dA-OA, dB-OB) which depict an increase in
bond lengths of tetrahedral and octahedral sites which is due to Er+3 ion doping in
spinel lattice which might be due to larger Er+3 ions replacing smaller Fe+3 ions.

3.2 EDAX analysis

Figure 4 displays the EDAX spectrums that analyzed elemental and atomic
percentages of CoFe2-xErxO4 nanoparticles for x = 0.0, 0.005, 0.010, 0.015, 0.020,
0.025 and 0.030. It confirmed the presence of Co, O, Fe and Er. Er peak confirms
Erbium substitution in the Fe2-x lattice.

Table 2 summarizes atomic percentages of individual in CoFe2-xErxO4

nanoparticles. EDAX confirmed the effect of incorporating Er3+ into CFO and
stoichiometric amount of O, Fe, Co, and Er atoms.

3.3 Field emission scanning Electron microscopy (FE-SEM)

Figure 5 shows studies on surface morphology of ferrite powders with the help
of FE-SEM. The nature of ferrite particle in the samples is uniform indicating fine
form of agglomeration and grain growth. Agglomerate formation specifies strong
magnetic nature of erbium doped ferrites. These studies also confirm microstruc-
ture changes on doping Er+3. A close look at these microstructures indicate
improvement in microstructure and spherical shaped grains in all samples. Apart
from this Erbium doping increases percentage of porosity in small range between
39.8001to 39.8018 illustrating individual grains and grain boundaries are separated.

Composition(x) Co Fe Er O

X = 0.000 12.40 34.43 0.000 26.86

X = 0.005 12.37 34.27 0.094 26.80

X = 0.010 12.34 34.10 0.18 26.74

X = 0.015 12.31 33.93 0.28 26.67

X = 0.020 12.28 33.77 0.37 26.61

X = 0.025 12.25 33.60 0.46 26.55

X = 0.030 12.23 33.44 0.55 26.49

Table 3.
summarizes atomic percentages of CoFe2-xErx04 nanoparticles for x = 0.0, 0.005, 0.010, 0.015, 0.020, 0.025
and 0.030.
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3.4 Atomic force microscopy (AFM)

AFM was used to characterize the surface roughness of CoErxFe2-xO4 nano
ferrite samples of the synthesized nanoparticles. The three-dimensional arrange-
ment of the spherical nanoparticles and diameter are shown in Figure 6. The
surface roughness increased when the coercivity increases, but in this work all the
parameters crystallite size, saturation magnetization, remanent magnetization,
coercivity decreased with the increasing of Er dopant from x = 0.00 to 0.030 in the
cobalt ferrite. In view of the above, the largest surface roughness is observed for
x = 0.0 sample and the lowest surface roughness is obtained for Er (x = 0.030)
doped samples. This indicates that the surface activity of x = 0.0 ferrite has higher
values compared to the range x = 0.005–0.030 ferrite samples. The largest surface
roughness is observed for x = 0.0 sample that is, it behaves like hard ferrite and the

Figure 4.
Displays the EDAX spectrums that of CoFe2-xErxO4 nanoparticles.
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lowest surface roughness is obtained for Er (x = 0.030) doped samples. That is, it
behaves like soft ferrite, hereby the ferrite is transformed from hard ferrite to soft
ferrite due to the doping of Er content.

3.5 TEM analysis

Phase structure and morphology studies for the investigating synthesized sam-
ples were taken up through TEM analysis. Figure 7 shows the TEM images and their

Figure 5.
Displays FE-SEM images of CoFe2-xErxO4 nanoparticles.
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respective SAED images with particle size distribution chart of the samples got
x = 0.0, 0.005, 0.01, 0.015, 0.02, 0.025 and 0.03 respectively. TEM and SAED
images demonstrated spherical shape and less thickness for majority of the
nanoparticles along with few elongated particles. Observation of TEM images con-
firm well distanced particles for lower concentration of Er+3 ions and increase in
Er+3 ion substitution leads to agglomeration of particles because of magnetic nano
particle interaction which makes the particles to be stacked on top of each other.
The particle size measured from TEM images are in the range 16nm–24 nm.

Figure 6.
AFM Micrographs of CoFe2O4 (x = 0.000) and CoFe2-xErxO4 (x = 0.005 to 0.030).
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Figure 7.
TEM/SAED images of CoFe2O4 (x = 0.000) and CoFe2-xErxO4 (x = 0.005 to 0.030).
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3.6 FTIR analysis

FTIR (Fourier Transform Infrared) spectroscopy is a very useful technique that
estimates cationic redistribution at A and B sites of spinel ferrites. FTIR spectra for
samples between 400 cm�1 and 1000 cm�1 was displayed by Figure 8 in which two
important broad bands (1 in the range 500 cm�1 � 600 cm�1 and 2 in the range
400cm�1 � 500 cm�1) were observed. As per Waldron suggestion intrinsic vibra-
tions of M–O complexes was shown by band 1 at site A site and band 2 at site B. This
difference between 1 and 2 was because of variation in bond length of Fe+3-O�2 at
A, B sites [29]. Observations indicate shift in octahedral (2) and tetrahedral (1)
bands towards higher frequency with the addition of Er+3 ions due to bond length
variation, expansion in A, B sites and cation migration between two sites. The
residency of Er+3 ions at B-site was also confirmed. FT-IR spectra of CoFe2O4

(x = 0.00) and CoErxFe2-xO4 (x = 0.005 to 0.030) nanoparticles are shown in
Figure 8. The values of force constant at tetrahedral and octahedral (Ft&Fo) sites
were determined using the formulas below [30] whose values are listed in Table 4.

Ft ¼ 4π2c2ν21u (19)

Fo ¼ 4π2c2ν22u (20)

Figure 8.
FTIR spectra of CoFe2O4 (x = 0.000) and CoFe2-xErxO4 (x = 0.005 to 0.030).

Compositions Wave number
v1(cm

-1)
Wave number

v2(cm
-1)

FT�105
(dynes/cm)

FO�105
(dynes/cm)

CoFe2O4 548 488 2.18 1.72

CoEr0.005Fe1.995O4 550 490 2.20 1.74

CoEr0.010Fe1.990O4 556 492 2.25 1.76

CoEr0.015Fe1.985O4 564 494 2.31 1.77

CoEr0.020Fe1.980O4 570 495 2.36 1.78

CoEr0.025Fe1.975O4 572 496 2.38 1.79

CoEr0.030Fe1.970O4 570 498 2.36 1.80

Table 4.
Summarizes FTIR modes(v1,v2) and force constants (FT, FO) of CoFe2-xErxO4 nano particles.

30

Ferrites - Synthesis and Applications



where vibrational frequencies of A, B sites are denoted by v1, v2, reduced mass
of Fe3+ and O2� ions is u, speed of light = c. Because of changes in bond lengths of
Fe3+ and O2� ions at A, B sites variation in values of force constant was determined.

3.7 Resistivity analysis

Resistivity figures signify distinct log ρ vs. 1000/T for various compositions of
CoFe2-xErxO4. Resistivity reducing while increasing temperature, this behavior
indicates that the semiconducting behavior of the prepared samples. Mobility of
charge carriers (drift) reduces resistivity with temperature. Enhancement in tem-
perature boosts enough energy to improve charge carriers hopping from one cat-
ionic site to other. The μD is growing up with the raise of Er+3 content the low drift
mobility means temperature has not supplied sufficient potential to develop charge
carriers to click from one site to another. Enrichment in μD with the boost of
Er+3contents advocate the enhancement of hopping from one cationic site to other
for all nano ferrites synthesized particles. DC resistivity and drift mobility have
inverse relation with each other. Observed resistivity figures indicated increase in
resistivity initially for x = 0.000 and later decreases with increasing Er for x = 0.005
to 0.030. It is evident that all specimens contain a fixed quantity of Co. Resistivity
vs. temperature curves of Er-substituted CoFe2O4 nanoparticles are shown in
Figure 9. The resistivity is calculated from the following formula.

ρ ¼ RA
l

(21)

Here R is the resistance, A is area of the pellet, l is length of the pellet.

3.8 Magnetic properties

M-H curves (Hysteresis Loops) are plots drawn between magnetization (M) and
applied field (H) which helps us in analyzing magnetic response and magnetic
parameters of ferrites under investigation. The M-H loops of all nanoparticles, that
is CoErxFe2-xO4 (x = 0.00–0.030) heated at 500°C are displayed in Figure 10. The

Figure 9.
Resistivity vs. temperature curves of Er-substituted CoFe2O4.
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measured magnetic parameters are displayed in Table 5. The Magnetic parameters
such as Saturation magnetization (Ms), Remanent magnetization (Mr), Coercivity
(Hc) and Squareness ratio (R = Mr /Ms), Magnetic moment (nB) were altered by
doping of Er+3 content in the increasing order (x = 0.00 to 0.030). Generally,
dopant type, concentration and morphology will affect magnetic properties of soft
ferrite sample. At the same time variation in magnetic parameters was seen due to
microstructure with noting of higher saturation magnetization with higher grain
size [31, 32]. Table 5 indicate high saturation magnetization and coercivity due to
large grain size in CoFe2O4 ferrites as depicted by the hysteresis loop in Figure 10.
Ms. value decreased from 60 emu/g to 44 emu/g with decrease in grain size due to
increased Er content in cobalt ferrite which may be due to increase of erbium

Figure 10.
The magnetic hysteresis curves of Er-substituted CoFe2O4 nano particles at room temperature.

32

Ferrites - Synthesis and Applications



cations in ferrite lattice site [33]. Particularly, high magnetic moment (5 μB) ferrite
cations were replaced by erbium cations of magnetic moment 7 μB at B sites. In
addition, increasing erbium cations may decrease ratio of ferric and ferrous ions at
A, B sites thereby decreasing the magnetic exchange interaction between two sites
[34] reducing the Msvalue. It was also observed that increase of erbium content
reduced value of Hc from 18998 Oe to 18990Oeinitiating the fact that magnetic
moment can be changed with low coercive field, hence coercivity variation is in
agreement with variation in anisotropy constant. Henceforth, value of anisotropy
constant ‘K’ will decrease further which decreases the energy of magnetic domain
wall. Remanent magnetization values decreased from 31 emu/g to 22 emu/system
supporting soft magnetic nature due to low coercivity in erbium doped cobalt
ferrites [35]. Table 5 indicates decrease in magnetic moment with increased erbium
content which may be assigned to more probable chance of erbium cations to
occupy B sites. As per the revealed data increasing erbium content decrease mag-
netization converting the sample into soft magnetic material. It is understood that
increase in erbium content decreases value of ‘K’. M–H loops indicated that soft
magnetic Co-Er nano ferrites can be easily magnetized and demagnetized.
Squareness ratio (R = Mr/Ms) was estimated from

R ¼ Mr

MS
(22)

where Mr is Remanent magnetization and Ms is saturation magnetization.
Magnetic moment per unit (ηB) was calculated from [31, 32].

nB ¼ Mω �MS

5585
(23)

where Mω are samples molecular weight and saturation magnetization.
K (magnetic anisotropic constant) is related to the Ms (saturation magnetiza-

tion) and Hc (magnetic coercivity) [28] by following relation

k ¼ MS �Hc

0:96
(24)

4. Conclusions

Synthesis and characterization of erbium substituted cobalt ferrites along with
conglomeration was done using citrate-gel auto combustion method. Significant

Composition Lattice
parameter

(a)

Crystallite
Size (nm)

Hc
(c)

Ms
(emu/g)

Mr
(emu/g)

R=Mr/
Ms

K (erg/Oe) Magnetic
moment
(μB/f.u)

CoFe2O4 8.361 20.34 2998 60.6739 31.19 0.5141 189,479.783 2.5488

CoEr0.005Fe1.995O4 8.392 20.43 2997 58.7486 31.07 0.5289 183,405.941 2.4738

CoEr0.010Fe1.990O4 8.407 19.19 2996 56.9560 28.86 0.5067 177,750.433 2.4040

CoEr0.015Fe1.985O4 8.367 19.02 2995 55.4902 27.66 0.5136 173,117.863 2.2784

CoEr0.020Fe1.980O4 8.367 17.73 2993 53.1555 26.83 0.5208 165,723.033 2.1853

CoEr0.025Fe1.975O4 8.386 15.56 2991 49.5845 25.15 0.5240 154.486.957 2.0400

CoEr0.030Fe1.970O4 8.398 14.4 2989 44.8444 22.88 0.5275 139,625.157 1.8480

Table 5.
The Magnetic Properties of Er-substituted CoFe2O4.
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induced effect of Erbium was observed on the structure of crystal structure, dielec-
tric constant, morphology and electrical transport properties of cobalt ferrite mate-
rial. Copy of secondary ErFeO3 along with primary spinel cubic structure occur only
for Er-content, x = 0.015,0.020 and regains its primary spinal structure for Er
content x = 0.025,0.030 while the crystallite size decreased from 20.84 nm–

14.40 nm. According to the SEM analysis the growth in grain along with agglomer-
ation form was found for all samples. With the Erbium substitution which is a
combined effect of decrease in resistivity. Small polaron hopping as well as ther-
mally activated mobility of charge carriers was operative in CFEO ceramics and
confirmed by DC electrical measurements. Observations indicated strong depen-
dence of magnetic properties on Erbium substitution and coercivity varies in
accordance with anisotropy constant. The presence of magnetic dipole could be
useful for considering the Erbium substituted cobalt ferrites in electromagnetic
applications. The studies of CoErxFe2-xO4 for compositions with cobalt content
x = 0.0 to 0.030 with increasing order of x = 0.005 indicated decreasing crystallite
size with increasing erbium content and increase in surface area of the particle
makes it a good adsorbent. Hence these adsorbents can be used in gas sensors and
waste water treatment etc.…
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Chapter 3

Enhancement of the 
Magnetoelectric Effect in PZT-Ni 
Ferrite Composites Using Post 
Sintering Thermal Treatment
Rashed Adnan Islam

Abstract

In this chapter, the piezoelectric and magnetoelectric properties of Pb 
(Zr0.52T0.48)O3–X NiFe1.9Mn0.1O4 (PZT-NFM, where X ranges from 3 to 10%) were 
investigated along with SEM and TEM analysis. Post sintering thermal treatment 
(annealing and aging) was introduced to enhance the piezoelectric and magneto-
electric property of the composites. The density was found around 7.6–7.8 gm/cc. 
The piezoelectric constant d33 and the voltage constant were found to be decreased 
with increasing magnetic particle from 3–10%. Experimental results indicated that 
the magnetoelectric voltage coefficient (dE/dH) increases with increasing percent-
age of Nickel Ferrite (~35 for 3% NF to 140 mV/Oe. cm for 10% NF at 1125°C). The 
samples, which were annealed and aged after sintering show as high as 50% (140 to 
220 mV/cm Oe) increase in dE/dH coefficient. This is due to the increase in resistiv-
ity due to better homogeneity. The H-M curve of the composite powders show that 
the PZT-NFM is a ferromagnetic material as well. The SEM investigation shows very 
compact structure with average grain size around 150 nm and some areas of the NF 
rich phase. The X-ray mapping shows that the NF is distributed in the big grains of 
the matrix and after annealing it homogenizes.

Keywords: nickel ferrite, ferromagnetic, spinel, piezoelectric, magnetoelectric, 
perovskite

1. Introduction

Magnetoelectric materials contains combination of the ferroic properties such 
as polarization, and magnetization [1–4]. Due to the interrelationship between 
ferroelectricity and magnetism, it is possible to control of ferroelectric properties 
using magnetic field and vice versa. Cr2O3, BiFeO3, YMnO3 etc. which are single 
phase magnetoelectric (ME) materials do not provide much benefits due to very 
weak magnetoelectric effect [5–7]. The solution to this issue is composites utilizing 
the product property of the two materials and have much better ME voltage coef-
ficient [8–10]. Magnetoelectric (ME) particulate sintered composite can be fabri-
cated in combination of magnetostrictive and piezoelectric phases [11–15]. Among 
the many advantages of sintered composites, simplicity in synthesis, cost-effective 
materials and fabrication process, and better control of desired geometry are the 
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most important ones. However, the ME effect in particulate sintered composite is 
still low and it is of the order of 100 mV/cm.Oe. Laminated composites which are 
fabricated by bonding colossus piezoelectric and magnetostrictive materials are 
very popular because they display excellent ME properties [16–19]. Dong et al. have 
shown a large response of 22 V/cm.Oe at 1 Hz using piezo fiber laminated between 
the high-permeability magnetostrictive FeBSiC alloy with epoxy [20]. The inherent 
materials property is the ferroelasticity that complemented both the ferroelectricity 
and ferromagnetism in same materials. This is a three-step mechanism: (a) fer-
roelectric ion movement needs structural building blocks, (b) super exchange type 
magnetic-interaction conduits and (c) the symmetry condition is satisfied [21]. 
One simple inference from this is that it is possible to synthesize the ferroelectric 
ferromagnets by replacing diamagnetic ions by paramagnetic ones on the B-site of 
oxyoctahedral ferroelectric perovskites.

Among the piezoelectric materials, Lead Zirconate Titanate (PZT) is the most 
popular for its high piezoelectric property and most importantly it shows magne-
toelectric effect when used in a composite as reported by others. PZT when mixed 
with some magnetostrictive particles (such as ferrites) have been found to exhibit 
an extrinsic magnetoelectric effect resulting from a coupling interaction. The pre-
condition to it is increased resistivity, almost zero to no interdiffusion, no chemical 
reaction and reduced interfacial such as microcracks and porosities [22]. Both the 
magnitude of magnetostriction and the slope of the magnetostriction curve with 
respect to applied magnetic field should have a large value in order to achieve high 
values of pseudo-piezomagnetic coefficients in the magnetostrictive phase [22–24]. 
In this regard, Ni ferrite doped with Mn (NiFe1.9Mn0.1O4) can be promising candi-
date due to its increased resistivity, superior magnetization and small coercive field 
in order to switch the domains.

Co-firing of piezoelectric and magnetostrictive phases with mismatch in coef-
ficient of thermal expansion and lattice at high temperature induces strain in the 
sintered composite. Thus, a post sintering heat treatment is necessary to homogenize 
the matrix grain structure, reduce the strain and remove the chemical or stress gra-
dients at the interface. It has been shown that piezoelectric and dielectric properties 
of sintered ceramics improve after annealing. Annealing also enhances the magne-
tostrictive properties of some common ferrites such as CoFe2O4. The annealing and 
aging technique for this reason has been used in fabricating materials with strong 
permanent magnetism [25, 26]. In this case, precipitates with soft magnetic nature 
are dispersed in a hard magnetic matrix, resulting in one of the best hard magnets.

In this chapter, the percentage of the Ni ferrite (doped with Mn) was varied 
from 3 to 10% (by mole). Two different sintering temperature (1100° and 1125°C) 
was investigated to see the sintering behavior and the effect of ferrite percentage 
and sintering temperature on physical, piezoelectric and magnetoelectric properties 
of the particulate composite. This chapter investigates a new post sintering treat-
ment such as the annealing and aging technique for synthesizing ME composites 
with the objective of achieving a strong coupling between ferroelectric and mag-
netic order parameters.

2. Experimental

2.1 Processing

Powders of PbO, ZrO2 and TiO2 (Alfa Aesar, Co. MA. USA) were mixed with 
alcohol and grinding media of YTZ (ϕ 5 mm, Tosoh Co. Tokyo, Japan) in a poly-
ethylene jar for 24 hours. Similarly, NiO2, Fe2O3, MnCO3 was mixed and ball milled 



41

Enhancement of the Magnetoelectric Effect in PZT-Ni Ferrite Composites Using Post Sintering…
DOI: http://dx.doi.org/10.5772/intechopen.99870

in same the fashion for 24 hours. After ball milling the powders were dried in an 
oven at 80°C. Then the powders were calcined (PZT at 750°C for 2 hours and NF 
at 1000°C for 5 hours). After calcinations, the powders were crushed and were 
examined by XRD to confirm the perovskite (for PZT) and spinel (for NF) phase. 
Then the powders were further crushed and sieved (US mesh # 270) very fine. Then 
the PZT and the NF powders were mixed stoichiometrically (for 3%, 5% and 10% 
NF by mole) and ball milled with alcohol and grinding media for 24 hours. After 
ball milling the powders were dried at 80°C, crushed in a mortar and sieved in a 
stainless-steel sieve of #170 US mesh. Then the powders were pressed to pellets of 
ϕ12.7x 1.5 mm in a hardened steel die using a hydraulic press under a pressure of 
15 MPa. Pressureless sintering of composites was performed with Lindberg BlueM 
furnace with platinum foil (0.003 in. thick) at the bottom. The sintering tempera-
tures were 1100° and 1125°C for 2 hrs. After sintering, samples were annealed at 
800°C for 10 hours followed by air cooling and then aged at 400°C for 5 hours.

2.2 Characterization

The density of the samples was measured by Archimedes principle. XRD was 
perfromed in a Siemens Krystalloflex 810 D500 x-ray diffractometer on samples after 
calcination, sintering and post sintering treatment. For the measurement of % Spinel 
phase, the area under the curve for the perovskite (101) peak and spinel (311) peak 
was measured. Then the % Spinel was found taking the percentage of the area under 
spinel (311) peak among the total are under these two peaks. Specimens were pol-
ished with 0.3 μm powder, thermally etched and examined under Scanning Electron 
Microscope (Zeiss Leo Smart SEM). The annealed and aged specimens were chemi-
cally etched in a solution of 95% H2O, 4% HCL and 1% HF. The average grain size 
of the composite was determined from SEM micrograph by linear intercept. X-ray 
mapping was done using the same Scanning Electron Microscope. TEM of sintered 
samples was done by JEOL – 1200 EX Scanning Transmission Electron Microscope.

2.3 Property measurement

An Ag-Pd electrode is painted on both surfaces of the pellets and fired at 825°C 
for 1 hr. The electroded specimens were polled by applying a D.C. field of 2.5 kV/
mm for 20 minutes in a silicone oil bath at 120°C. The piezoelectric and dielectric 
properties were measured by APC YE 2730A d33 meter and an impedance analyzer 
(HP 4192, Hewlett Packard Co. USA). The Curie temperature was measured from 
Capacitance vs. Temperature graph with the help of Multi frequency LCR meter 
(HP 4274 A Hewlett Packard Co. USA). The magnetoelectric property was mea-
sured in terms of variation of dE/dH coefficient with an A.C. Magnetic field and no 
D.C. magnetic bias. The coefficient was measured directly as response of the sample 
to an A.C. magnetic input signal at 3 Hz and 60 Oe amplitude. The voltage gener-
ated from the composite was measured using a charge amplifier. The output signal 
from the amplifier was measured with an Oscilloscope (54601A, HP Co. USA). The 
output voltage is converted into dielectric displacement (D = CV/A), which can also 
be expressed in electric field (E = D/εoε) and then the electric field divided by A.C. 
magnetic field gives the magnetoelectric voltage coefficient for PZT-NF composite.

3. Results and discussion

Figure 1 shows the density variation of the piezoelectric/magnetostrictive 
composites sintered at 1100 and 1125°C. Both shows similar pattern. The density 
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increases with increasing percentage of NF and starts to plateau after 5 moles% 
of NFM. The samples sintered at 1125°C, showed higher densities than that of 
1100°C. This is due to the better sintering behavior at higher (1125°C) temperature. 
Figure 2(a) shows the variation of the piezoelectric constant with NFM mole%. 
As the perovskite phase decreases with increasing NFM concentration, d33 starts 
to decrease. From Figure 2(b) an increase in d33 after annealing and aging was 
observed for both the sintering conditions. For the PZT-5NFM, 14% and 6% 
increase in d33 were recorded for samples sintered at 1100°C and 1125°C respec-
tively. The difference in the magnitude of d33 before and after annealing and aging 
for other two composite samples (3% and 10% NFM) sintered at 1125°C was small. 
This can be associated to concurrent rise in the internal strain due to structural 
dissimilarity and domain size. Increase in stress decreases d33 while increase in 
domain size increases d33. Figure 2(c) shows the variation of the dielectric con-
stant with NFM concentration. The dielectric constant magnitude for the samples 
sintered at 1100°C showed a decrease of about 10% after thermal treatment. Based 
on the behavior of the piezoelectric and dielectric constant, it can be seen that the 
total strain magnitude remains of the same order for the samples before and after 
the thermal treatment.

Figure 2. 
Piezoelectric properties at different % NFM of sintered as well as annealed and aged samples.

Figure 1. 
Effect of % NFM on density at two different temperatures.
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Figure 3(a) and (b) shows the dielectric constant and loss factor as a function of 
temperature. The dielectric properties were measured at 1 kHz under 1 V excitation. 
The Curie temperature (Tmax) measured for all the samples compositions were in 
the vicinity of 375°C with slight decrease in Tmax with increasing % NFM. The loss 
factor (tanδ) measured was ~2% below 80°C. Beyond 200°C it increases sharply. 
The space charge effect and low resistivity of the PZT-NFM samples at elevated 

Figure 3. 
Variation of dielectric constant and dielectric loss with temperature of different composition and at different 
sintering temperature [27–30].
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temperature caused the rapid rise of dielectric loss around curie temperature. 
The Tmax did not change much regardless of the thermal treatment. The dielectric 
constant vs. temperature for PZT-5 at % NFM composites before and after different 

Figure 4. 
Dielectric constant as a function of the temperature at 1 kHz for PZT-5 NFM at three different conditions [28, 29].

Figure 5. 
Magnetic field H vs magnetic moment curve of different composite.
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thermal conditions were shown in Figure 4. The ferroelectric Curie temperature 
only decreased slightly (~8°C) by annealing and aging. This drop in Tmax can be 
attributed to the stress relaxation which can be precisely understand by diffraction 
studies. During annealing as the composites were soaked in 800°C for 10 hours, 
grain grown occurs which can result into increased dielectric constant.

Figure 5(a) to (f ) shows the variation of magnetic properties as a function 
of thermal treatment for the different composites. A substantial enrichment 
in remanent (Mr) and saturation (Ms) magnetization was observed after the 
thermal (annealing and aging) treatment. Table 1 shows the magnetic data 
for the calcined powder, sintered samples and thermally treated samples. It is 
clearly observed that the magnetization values increased sharply after thermal 
treatment. No difference in coercive fields were observed between the sintered 
and thermally treated samples whereas remarkable differences were observed in 
magnetic resonance which decreased significantly after thermal treatment. These 
results can be explained if it is assumed that the size of spinel phase increases 
with the thermal treatment. As there are basic resemblance in the oxygen syn-
chronization chemistry between the perovskite and spinel structure, it leads to 
the lattice dimensions that are compatible with the spinel building blocks (consid-
ering growth is along the c-axis).

Figure 6(a) shows the X-Ray diffraction patterns of composite sintered at 
1125°C for 2 hrs. A pure perovskite phase was obtained with small fraction of 311 
peak of spinel phase only observed for PZT-10 NFM. No other phase was detected. 
PZT composition of Zr: Ti = 52:48 was selected as it is closer to the morphotropic 
phase boundary (MPB) providing high piezoelectric property. On modification 
with NFM the perovskite phase was found to exhibit rhombohedral symmetry 
as shown by reduced splitting of 200/002 peaks. As expected, a higher sintering 
temperature resulted in higher content of spinel phase. Figure 6(b) shows the XRD 
pattern for same composition of samples after post sintering thermal treatment. 
In all three diffraction patterns, an increase in the fraction of spinel phase were 
clearly observed. The fraction of the spinel phase present was computed using the 
expression:

 ( )
( ) ( ){ } ( )

311
100

110 101 311
Area under the spinel peak

%Spinel x
Area under the perovskite peak Area under the spinel peak

=
+ +  (1)

PZT-3NF PZT-5NF PZT-10NF

Powder Sintered 
at 

1100°C

Sintered 
and 

annealed

Powder Sintered 
at 

1100°C

Sintered 
and 

annealed

Powder Sintered 
at 

1100°C

Sintered 
and 

annealed

Hc (Oe) 124 86.94 89.91 97.39 75.62 78.76 109.9 69.78 70.24

Mr (μemu) 195 1010 1480 270.8 904.1 2538 219.1 5305 5575

Ms 
(m emu)

0.817 5.766 8.653 1.633 6.472 19.25 1.187 48.64 57.13

Mr/Ms 0.2356 0.1751 0.1711 0.1658 0.1397 0.1318 0.1846 0.1091 .0976

S 0.00575 0.005 0.0043 0.0047 0.0048 0.0036 0.0057 0.0034 0.0029

Resonance 
(Hz)

525 509.4 465.2 612.2 543 463 592 453.9 439.8

Table 1. 
Magnetic properties of different PZT-NF powders [28].
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Figure 6. 
XRD pattern of different compositions: a. after sintering, b. after annealing and aging.

PZT-10 NFM sintered at 1125°C showed an increase of % spinel of 1.03% (from 
6.82% after sintering to 7.85% after annealing and aging). This is a significant 
increase considering the dissimilarity in the lattices of two phases. Comparing this 
result with the annealing and aging treatment, it can be theorized that there is a 
likelihood of homogenization in the PZT-NFM system.

Figure 7(a) and (b) shows the Magnetoelectric coefficient for 3, 5 and 10 mole% 
of NFM. Data are given in each figure for the three different thermal histories. For 
PZT-10NFM, the ME coefficient increased from 60 mV/cm-Oe after sintering to 
88 mV/cm-Oe after annealing and aging which is nearly 50% increase. This is due 
to the reduction in misfit strain between perovskite and spinel phase, decrease in 
interface micro such as porosities and cracks after annealing. Reducing the interface 
defects, would increase the ability of piezoelectric domains to elastically react to 
strains induced on it by bordering magnetostrictive phases, or vice versa. To achieve 
high ME properties, the boundary conditions between phases needs to be as mechani-
cally free as possible. Enhancements in the ME coefficient may also come from 
increased magnetization from Mn+3 to Mn+2 conversion, as an enhanced magnetic 
permeability has been reported to increase the effective piezomagnetic coefficient 
(dλ/dH).
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Figure 8(a) shows Transmission Electron Microscopy image of as-sintered 
sample. This image consists of facet phases (bright contrast) NFM particles 
embedded in the PZT matrix. The NFM particles vary from 300 nm to  
1500 nm. Figure 8(b) shows TEM images of annealed and aged samples. Few 
distinctions of microstructural characteristics are observed from those shown 
in Figure 8(a). The density of the NFM particles in this annealed sample is 
much less than that in the sintered sample. In addition, the NFM particles in the 
annealed sample have a typical size of 500 nm, much smaller than that in the 
sintered sample.

High magnification bright field TEM images of the sintered, annealed and 
aged samples were shown in Figure 9(a)–(c). Misfit strain fields close to the 

Figure 7. 
Variation of magnetoelectric coefficient as a function of % NFM [27–29].

Figure 8. 
Bright field TEM images PZT-5 NFM composites after (a) sintering, and (b) annealing [30].
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Figure 9. 
Bright field TEM images PZT-5 NFM composites after (a) sintering, (b) annealing and (c) aging [30].

PZT/NFM were observed. These strain fields developed at the interface to 
acclimatize the mismatch in the PZT and NFM lattice. The domain patterns had 
larger width, which is the characteristic of 90° domains and there is intergranu-
lar discrepancy in domain width [31]. The image after annealing shows reduced 
misfit strain near the PZT/NFM interface. The remnant strain fields after anneal-
ing consist of additional constituent due to quenching process after annealing. 
Diffused grain boundaries were observed in low magnification images. The 
image after the aging in Figure 9(c) shows noticeably reduced strains. There are 
stripe like morphologies and they are extended from grain boundary to grain 
boundary. A finer scale domain structure is also observed to exist within larger 
domain patterns. This finer domain pattern has striation like morphology and is 
periodically spaced [32, 33].
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4. Conclusion

In the chapter the effect of Mn doped Nickel ferrite percentage in Lead Zirconate 
Titanate (PZT) at different sintering temperature on the piezoelectric and mag-
netoelectric behavior was tried to find out and also a new post sintering treatment 
(annealing and aging) is introduced to enhance the magnetoelectric property. It was 
found that with increasing percentage of NF the piezoelectric constants, dielectric 
constant decreases and dielectric loss increases. The starting powder of PZT-NF 
(3%, 5% and 10% NF) was found ferromagnetic where the coercive field varies 
from 97 to 124 Oe. Post sintering treatment like annealing and aging increases 
the saturation magnetization Ms from 48 to 57 memu for PZT-10NF. High values 
(~144 mV/cm Oe) of magnetoelectric coefficient were found in 10% NF, sintered at 
1125°C. The preferential distribution of NF particles in large grains of PZT matrix 
was found in X-ray mapping. In order to even out the distribution of NF particles 
and increase the magnetic phases, annealing followed by aging was introduced, 
as annealing is a homogenization treatment. Due to annealing the piezoelectric 
property increases as well as magnetoelectric coefficient. The magnetoelectric 
coefficient was found 211 mV/cm Oe at 3 Hz with no D.C. magnetic field bias. This 
is higher than any values so far reported in PZT-10% NF and sintering tempera-
ture at 1125°C. A supersaturated structure of NF in PZT is formed by annealing 
at high temperature followed by faster cooling. Aging allows the NF particles to 
distribute evenly in the structure as a different phase. The XRD pattern also shows 
the introduction of spinel phases in PZT matrix. The SEM images also support the 
grain homogenization treatment. The introduction of this post sintering treatment 
(annealing and aging) enhanced the property and can be further improved with 
optimum parameters of the treatment.
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Chapter 4

Application of Ferrites as 
Electrodes for Supercapacitor
Ankur Soam

Abstract

Apart from the magnetic properties, ferrites have been considered as efficient 
electrodes for next generation energy storage devices. This chapter will include 
applications of spinel ferrites such as MnFe2O4, CoFe2O4, ZnFe2O4 and NiFe2O4 in 
supercapacitor. In ferrites, the charge storage arises from the fast-reversible surface 
redox reactions at the electrode/electrolyte interface. In particular, the electrode 
material with high specific capacitance, wide range of operating potential, low 
synthesis cost and its availability on the earth are highly desirable to fabricate a 
supercapacitor. Ferrites with mixed oxidation states have proved as promising 
electrodes in supercapacitors. In this chapter, we summarize the different synthesis 
methods of ferrites based nanocomposites and their electrochemical properties for 
supercapacitor application.

Keywords: ferrites, nanocomposites, electrochemical properties, electrodes, 
supercapacitor

1. Introduction

The continuous depletion and consequently the increased cost of the fossil fuel 
has now become an economic problem for a nation. Moreover, the production of 
CO2 from massive use of fossil fuel in transportation and industrial operations 
increases the greenhouse gases which are responsible for significance change in 
climate (global warming). In future, the demand of fossil fuel is expected to be 
increased rapidly. Therefore, some alternative energy storage systems need to be 
developed in order to meet the demand of energy consumption. Battery is being 
widely utilized in electric vehicles and electronic devices because of its large energy 
density [1–4]. However, the maintenance at regular interval and low power density 
are some drawbacks with battery.

Among various energy storage devices, supercapacitor technology has attracted 
tremendous attention to be used in high power application because of their higher 
power density and longer cycling life [5–9]. Figure 1 depicts the power density 
and energy density of capacitor, battery and supercapacitor. The capacitor with 
largest power density occupies the top position, however, the energy density 
is much lower. Battery can exhibit larger energy density but with lower power 
density. The supercapacitors occupy the important space between capacitor and 
battery with larger power density than batteries and greater energy density than 
capacitors. Supercapacitors are considered suitable candidates as energy storage 
in portable consumer electronic devices, memory back-up systems, microelectro-
mechanical systems, hybrid electric vehicles and medical devices [10–17]. Further 
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improvements are being made in order to extend the applications of supercapacitor 
in different purpose [18–20]. Due to a simple structure (similar electrodes), super-
capacitor technology can be integrated on a Si chip with energy harvesters [21–23].

Supercapacitor can store an excess energy from the harvester and return back 
when required. The supercapacitor performance is governed by the electrodes, 
current collectors, separator and electrolyte. The surface morphology and electri-
cal properties of electrodes are the major factors which mainly control the energy 
storage in supercapacitor. In this connection, a lot of efforts are being made towards 
developing new materials for electrodes and improving their electrochemical 
properties [24–29]. Many materials and their composites have been explored as 
electrodes for supercapacitor [30, 31].

Supercapacitor electrodes can be categorized in two types, 1) Metal oxides, 
which involve faradaic process to store the charge (Pseudocapacitor) [32–34], 2) car-
bon and silicon based materials, these materials store the charge in electric double 
layer (EDL) [27, 35–37]. EDLCs exhibit high rate capability and longer cycle life, but 
low energy storage capacity is a major issue for them [38–40]. On the other hand, 
metal oxide based supercapacitor exhibits larger capacitance and energy density 
than EDLC but the poor rate capability and limited charging/discharging cycle 
numbers are some of their drawbacks [7, 15, 41]. To design a supercapacitor with 
larger energy density without compromising the rate capability is a major challenge. 
In this context, several electrode materials and their combinations have been evalu-
ated for high performance supercapacitor [5, 42–44]. The ferrite materials are also 
being considered as potential electrodes in supercapacitor because of their different 
oxidation states, low price, environmental benignity, and their large abundance 
[26, 45–49]. Moreover, their synthesis process is simple and suitable for production 
at industrial scale. MFe2O4 (M = Mn, Co, Ni, Zn, or Mg) ferrites have been exten-
sively used in supercapacitor. These binary oxides can offer large capacitance due to 
involvement of two ions in redox reactions [13, 47, 50]. Subsequently, several studies 
were performed on ferrite materials such as nickel ferrite, bismuth ferrite, cobalt 
ferrite, manganese ferrite, as electrodes in supercapacitor [46, 51–53]. Ferrites of the 
form MFe2O4 (M = Ni, Co, Zn, etc.) have been considered as potential electrodes 
in energy storage devices because of their good chemically stability and electronic 
properties. Moreover, their nanocomposite can be synthesized using water based 
solution without any organic solvent (Figure 2). In this chapter, research progress 

Figure 1. 
Ragone plot for various charge storage devices. Supercapacitors occupy the space between capacitors and 
batteries with larger energy density than capacitors and larger power density than batteries.
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on ferrite based electrodes (MFe2O4 types) for supercapacitor have been sum-
marized. The supercapacitor performance of ferrite depends on their morphology, 
synthesis process, used precursors, and composition.

2. Cobalt ferrite (CoFe2O4)

CoFe2O4 with high magnetic properties has good mechanical hardness 
and chemical stability, which make it suitable candidate in magnetic device 
applications [54]. Apart from above properties, CoFe2O4 has also shown good 
electrochemical performance in supercapacitor [52, 55–59]. CoFe2O4 nano-
flakes synthesized by chemical bath deposition process have been utilized in 
supercapacitor [52]. The nano flakes were deposited on a stainless steel substrate 
with thickness of 5.3–7.0 μm. The electrochemical properties were investigated 
in three electrode system with 1 M NaOH electrolyte. The nano-flakes showed 
a specific capacitance of 366 F g−1 (interfacial capacitance of 0.110 F cm−2) at 
scan rate of 5 mVs−1. The nano-flakes electrode could preserve 190 Fg−1 capaci-
tance at scan rate of 100 mV/s−1. At such larger scan rates, the inner active sites 
of the electrodes might not participate in redox process, resulting in decrease 
in the capacitance. The CoFe2O4 nano-flakes retained 90.6% capacitance after 
1000 cycles.

Pawar et al. [60], have synthesized CoFe2O4 nanoparticles (average size 23 nm) 
by sol–gel method for supercapacitor application. CoFe2O4 nanoparticles exhibited 
pseudocapacitive behavior in 1 M KOH electrolyte with a three-electrode system 
as observed from the CV curves. The specific capacitance determined from galva-
nostatic charge discharge process were found to be 15 Fg−1 at current density of 0.6 
Ag−1. This lower value of the capacitance may be due to the poor electrical conduc-
tivity of CoFe2O4 nanoparticles. An improved electrochemical performance was 
achieved with CoFe2O4/FeOOH nanocomposite synthesized by one-step hydrother-
mal approach [61]. A mixture of CoFe2O4/FeOOH nanocomposites, carbon black 
and polyvinylidenefluoride (PVDF) in ratio of 80:10:10 wt% was used as electrode. 
The electrode of CoFe2O4 with FeOOH exhibited good value of capacitance at larger 
currents which is essential for a supercapacitor. The electrode showed specific 
capacitance of 332.4, 319.4, 257.2, 239, 193.1, and 180 F g−1 at the current densities 
of 0.5, 1, 2, 5, 8, and 10 A g−1, respectively. About 8.7% loss in capacitance was 
observed after 1000 cycles.

Figure 2. 
Synthesis of ferrite (bismuth ferrite)–graphene nanocomposite as electrodes for supercapacitor using water 
based solution [34]. Bismuth ferrite and graphene were mixed in DI water and then deposited on a conducting 
substrate by drop casting process to fabricate the electrodes for supercapacitor.
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Mesoporous CoFe2O4 thin film also demonstrated good value of specific capaci-
tance of 369 Fg−1 at 2 mV/s−1 in 1 M KOH electrolyte with wide potential window 
of −1.2 to +0.5 V [62]. The capacitance degraded to 167 Fg−1 upon increasing the 
scan rate to 100 mV/s−1 . The mesoporous CoFe2O4 film was prepared by a chemical 
spray pyrolysis technique from the aqueous medium at 475°C substrate tempera-
ture. The film was observed to be uniform on the substrate and free from any crack 
with mesoporous type surface morphology. CoFe2O4 thin film consists of grain with 
size in the range of nm. The electrode of mesoporous CoFe2O4 film showed power 
density of 28.74 kWkg−1 with maintaining energy density of 27.14 Whkg−1.

A large specific capacitance of 429 Fg−1 was obtained by CoFe2O4 nanoparticles 
in 6 M KOH electrolyte at 0.5 Ag−1 [63]. These nanoparticles were prepared by 
hydrothermal and coprecipitation methods using nitrates, chlorides and acetates 
precursors with average size from 11 to 26 nm and surface area of ~34 m2 g−1. 
The nanoparticles has shown an excellent capacitance retention of 98.8% after 
6000 cycles at high current density of 10 Ag−1. The above results indicate that 
CoFe2O4 nanoparticles with the above morphology may be a promising electrode 
material for supercapacitor. A composite of reduced graphene oxide and CoFe2O4 
(RGO–CoFe2O4) was examined for supercapacitor application [64]. The electrode 
of RGO–CoFe2O4 showed a specific capacitance of 123.2 F g−1 which is larger than 
that of individual constituents RGO (89.9 F g−1) and CoFe2O4 (18.7 F g−1) at current 
density of 5 mA cm−2. However, about 22% loss in capacitance was observed for the 
electrode RGO–CoFe2O4 after 1000 cycles.

Xiong et al. have developed ternary nanocomposite of cobalt ferrite/graphene/
polyaniline as electrode for high-performance supercapacitor [65]. Hydrothermal 
method was used to make CoFe2O4 nanoparticles and graphene nanosheets and 
then polyaniline (PANI) coating was performed on CoFe2O4 by in situ polymeriza-
tion process. A large specific capacitance of 1133.3 F g−1 at a scan rate of 1 mVs−1 was 
observed by the hybrid ternary nanocomposite electrode in 1 M KOH electrolyte. 
716.4 F g−1 specific capacitance was determined in two electrode system in the same 
electrolyte and at the same scan rate of 1 mVs−1. The electrode demonstrated long 
cycle stability about 96% retention of initial capacitance after 5000 cycles. The 
synergistic effects of three components in the ternary composite improved the 
electrochemical performance of the electrode. The graphene nanosheets greatly 
enhance the electron transfer in the electrode and surface area of the electrode, 
leading to increase in the overall capacitance [8]. In addition, PANI also contributes 
to the pseudocapacitance of CoFe2O4 nanoparticles.

Cobalt ferrite nanoparticles were also used as negative electrode in an asym-
metric supercapacitor with positive electrode of Co(OH)2 and Co2Fe(CN)6 
particles [55]. The negative electrode of CoFe2O4 showed a specific capacitance of 
758.86 F g−1 at 2 mV s−1 in 1 M KOH electrolyte. Overall, the asymmetric super-
capacitor with electrode combination of CoFe2O4ǁAC, CoFe2O4ǁCo(OH)2 and 
CoFe2O4ǁCo2Fe(CN)6 provided the specific capacitance of 339, 127 and 125 F g−1 at  
1 mVs−1 scan rate.

3. Manganese ferrite (MnFe2O4)

MnFe2O4 based electrodes exhibited good capacitive properties in aqueous electro-
lyte [53, 66–70]. It is observed that MnFe2O4 stores the charge by pseudo mechanism 
in aqueous electrolyte [71]. Shin-Liang Kuo et al. [71] have shown that charge storage 
in MnFe2O4 involves insertion/extraction of proton into/from the lattice at both the 
Mn- and Fe-ion sites. In that study, MnFe2O4 was synthesized by coprecipitation 
method for supercapacitor application. For electrochemical characterization, the 
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MnFe2O4 powder was mixed carbon black and PVDF, and then coated on current 
collector. Electrochemical performance was determined with a three-electrode cell 
in 1 M KCl aqueous solution. The overall specific capacitance of 63.4 Fg−1 was deter-
mined for the electrode and specific capacitance of 115 Fg−1 for MnFe2O4 electrode. 
Baoyan Wang et al. [53] have studied the effect of surfactants on the electrochemical 
performances of MnFe2O4 synthesized by solvothermal method. The capacitive 
performances of MnFe2O4 colloidal nanocrystal cluster was observed to be larger 
than MnFe2O4 hollow sphere in aqueous LiNO3 electrolyte. In that work, an almost 
rectangular CV curves were obtained for MnFe2O4 in a potential range of −0.4-1.5 V. 
Addition of surfactants leads to increase in the capacitance of MnFe2O4 in LiNO3 
electrolyte. It may be due to the reduction of interfacial tension between electrode and 
electrolyte in presence of surfactants with promoting the diffusion of lithium ions. 
After addition of different surfactants, SDS (Anionic surfactant sodium dodecyl sul-
phate), Triton-X-100 (non-ionic surfactant p-toctylophenol) and P123 (poly(ethylene 
glycol)-block-poly(propylene glycol)-blockPoly(ethylene glycol)), the capacitance 
increased about 36.8%, 22.8% and 12.8%, respectively.

V. Vignesh et al. [69] have reported electrochemical properties of MnFe2O4 
spherical nanoparticles (20–50 nm) synthesized by simple and facile coprecipita-
tion method. The capacitor performance was evaluated in different electrolytes, 
1 M LiNO3, 1 M Li3PO4 and KOH. The MnFe2O4 nanoparticles showed specific 
capacitance of 173, 31 and 430 F g−1 in electrolytes of 3.5 M KOH, 1 M LiNO3 and 
1 M Li3PO4, respectively. However, excellent rate performance was observed in 
3.5 M KOH electrolyte with good retention of capacitance at higher current densi-
ties. Supercapacitor with two electrodes of MnFe2O4 nanoparticles exhibited spe-
cific capacitance of 245 F g−1, and energy density and power density of 12.6 Wh kg−1 
and 1207 W kg−1, respectively in 3.5 M KOH electrolyte.

Further, the electrochemical performances of MnFe2O4 colloidal nanocrystal 
clusters (CNCs) was investigated in symmetric supercapacitors with different aque-
ous electrolytes [72]. The specific capacitances of MnFe2O4 electrode was found to 
be 97.1, 93.9, 74.2 and 47.4 F g−1 in electrolytes 2 M KOH, 2 M NaOH, 2 M LiOH and 
2 M Na2SO4, respectively. It was found that MnFe2O4 CNCs exhibited better perfor-
mance in 6 M KOH electrolyte with the specific capacitance of 152.5 F g−1 and reten-
tion of capacitance of about 76% after 2000 cycles. MnFe2O4 colloidal nanocrystal 
assemblies (CNAs) with size of 420 nm, composed of 16 nm nanoparticles showed 
specific capacitance of 88.4 Fg−1 calculated at the current density of 0.01 Ag−1  
[70]. When the current increased from 0.01 to 2 Ag−1  MnFe2O4 CNAs retained 
59.4% capacitance, and 69.2% capacitance after 2000 cycles. The electrochemical 
performance of MnFe2O4 CNAs was related to the size of primary nanoparticles in 
the CNAs.

Further improvement in MnFe2O4 based supercapacitor was made by making 
nanocomposite of MnFe2O4 with grapheme [66, 68, 73–75]. Isara Kotutha et al. 
[73] have used one-pot hydrothermal approach to prepare rGO/MnFe2O4 nano-
composite. A maximum specific capacitance of 276.9 Fg−1 was determined for the 
rGO/MnFe2O4 nanocomposite at scan rate of 10 mVs−1 in 6.0 M KOH electrolyte. 
A flexible supercapacitor of MnFe2O4/graphene using current collectors of flexible 
graphite sheets has been fabricated [66]. The flexible supercapacitor exhibited 
specific capacitance of 120 F g−1 at 0.1 A g−1 with retaining 105% capacitance after 
5000 cycles.

Larissa H. Nonaka et al. [68] have achieved 195 Fg−1 capacitance for MnFe2O4 
nanoparticles on a crumpled graphene sheet at scan rate of 0.5 Ag−1 in 0.05 M KCL 
electrolyte. A pseudocapacitive behavior was observed in the CV curves which 
indicates that there is major contribution from MnFe2O4 to the overall capacitance 
of the hybrid electrode. A larger specific capacitance of 454.8 F g−1 at 0.2 A g−1 was 
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obtained by a ternary MnFe2O4/graphene/polyaniline nanocomposite fabricated by 
a facile two-step approach. The ternary nanocomposite also exhibited outstanding 
rate capability about 75.8% capacitance retention at 5 A g−1 and excellent cycling 
stability, 76.4% retention in capacitance after 5000 cycles. Specific capacitance of 
307.2 F g−1 at 0.1 A g−1 has been achieved with symmetric supercapacitor. The device 
exhibited a maximum energy density of 13.5 W h kg−1.

4. Zinc ferrite (ZnFe2O4)

Zn ferrite is widely used electrode material in supercapacitor because of its non-
toxic nature, strong redox process, good chemical stability and high storage capac-
ity of 2600 F g−1 [76–81]. Furthermore, the morphology of ZnFe2O4 can also be 
tuned such as nanoparticles [78, 82], nanorods [83] and nano-flakes [78, 80], offer-
ing large surface area for charge storage. M. M. Vadiyar et al. [84] have reported an 
empirical relationship between surface wettability and charge storing capacity for 
ZnFe2O4 nano-flake thin films. Different electrolytes, 1 M KOH, NaOH, LiOH and 
their combinations were chosen for this study. All the CV curves for ZnFe2O4 nano-
flake recorded in the above electrolytes exhibited pseudocapacitive behavior in the 
scan range of 0.0 to −1.3 V. ZnFe2O4 nano-flakes exhibited larger area under the CV 
curves in 1 M KOH due to small hydrated K+ and its fast intercalation and deinterca-
lation on the electrode surface. This is found with good agreement with the smaller 
contact angle value of 12o and larger surface energy of 71 mJ m−2.

ZnFe2O4 thin film synthesized by successive ionic layer adsorption and reaction 
(SILAR) method has shown good value of capacitance specific of 471 Fg−1 in aque-
ous electrolyte of 1 M NaOH at a scan rate of 5 mVs−1 [85]. The synthesized thin 
film of ZnFe2O4 was also used in solid-state symmetric supercapacitor which exhib-
ited specific capacitance of 32 Fg−1 in voltage window of 1.0 V. A power density  
of 277 Wkg−1 with energy density of 4.47 Whkg−1 was achieved with ZnFe2O4 thin 
film based supercapacitor. A specific capacitance of 615 F g−1 has been achieved  
for binder free ZnFe2O4 thin films at current density of 3 mA cm−2 [79]. The porous 
ZnFe2O4 thin film was tested in asymmetric supercapacitor as a negative electrode 
with positive electrode of Mn3O4. The device showed a specific capacitance of  
81 F g−1 with energy and power density of 28 Wh kg−1 and 7.97 kW kg−1, respec-
tively. 74% retention was observed in capacitance after 3000 cycles.

ZnFe2O4 nanoparticles (size 20–30 nm) synthesized by combustion method was 
used for supercapacitor application [86]. The electrode showed a large maximum 
specific capacitance of 1235 F g−1 calculated at 1 mA cm−2. The electrochemical 
performance of ZnFe2O4 material was also demonstrated in an asymmetric superca-
pacitor as negative electrode and nickel hydroxide as positive electrode. The device 
exhibited voltage window of 1.7 V with specific capacitance of 179 Fg−1 calculated at 
2 mVs−1. 3-D aligned ZnFe2O4 nano-flakes on flexible stainless steel mesh substrate 
have shown promising results as electrode in asymmetric supercapacitor with 
Ni(OH)2 [87]. The asymmetric device exhibited large value of specific capacitance 
of 1625 F g−1 at 1 mA cm−2 with 97% retention in capacitance after 8000 cycles.

ZnFe2O4 microspheres synthesized by solvothermal approach demonstrated a 
specific capacitance of 131 Fg−1 [81]. The electrode of ZnFe2O4 microspheres could 
retain 92% capacitance after 1000 cycles. ZnFe2O4 anchored on multiwalled carbon 
nanotubes (CNT) yielded a high specific capacity of 217 mAh g−1 at 5 mV s−1 [88]. 
A solid-state symmetric supercapacitor with ZnFe2O4-CNT exhibited a highest 
specific energy of 12.80 Wh kg−1 and a specific power of 377.86 W kg−1.

M. M. Vadiya et al. [78] have developed self-assembled ZnFe2O4 nanoflakes@
ZnFe2O4/C nanoparticles heterostructure electrode for high performance 
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supercapacitor application. The hybrid electrode showed very high value of specific 
capacitance of 1884 Fg−1 determined at a current density of 5 mA cm−2. A flex-
ible asymmetric supercapacitor was also designed using ZnFe2O4 nano-flakes@
ZnFe2O4/C nanoparticles heterostructure as a negative electrode and reduced 
graphene oxide as a positive electrode. A specific capacitance of 347 F g−1 was 
achieved from the supercapacitor. The asymmetric supercapacitor exhibited an 
energy density of 81 Wh kg−1and power density of 3.9 kW kg−1. Only 2% loss in the 
capacitance was observed after 35000 cycles.

ZnFe2O4 nanoparticles were dispersed on nitrogen-doped reduced graphene 
for supercapacitor application [82]. The reduction of graphitic oxide, the doping 
of nitrogen to graphene and dispersion of ZnFe2O4 nanoparticles were achieved 
in a single process. The structure of ZnFe2O4/NRG exhibited a specific capaci-
tance of 244 Fg−1 calculated at 0.5 Ag−1. The electrode has also demonstrated 
good rate capability with retention of 131.5 Fg−1 capacitance at 10 Ag−1. ZnFe2O4/
NRG retained 83.8% capacitance after 5000 cycles. In this type of electrode, 
the graphene sheets provide high exposure of active sites for redox process and 
high dispersion of nanoparticles resulting good capacitive performance of the 
electrode [89, 90].

ZnFe2O4 nanorodes with rGO showed a specific capacitance of 1419 Fg−1 at scan 
rate of 10 mVs−1 in 2 M KOH solution. The electrode demonstrated good reten-
tion of capacitance about 93% after 5000 cycles. The improved electrochemical 
performance is due to the large surface area offered by rGO and good electrical 
conductivity [83]. The porous nano-flakes-ZnFe2O4 thin films demonstrated a 
larger capacitance of 768 Fg−1 at current density 5 mA cm−2 with energy density of 
106 Wh kg−1 and power density of 18 kW kg−1 [76]. The electrode had good cycle 
stability about 88% retention of capacitance after 5000 cycles.

5. Nickel ferrite (NiFe2O4)

Among various metal ferrites, NiFe2O4 is one of the promising ferrite material for 
supercapacitor application. Several studies are available on NiFe2O4 and their nano-
composite as electrode in supercapacitor [46, 91–94]. NiFe2O4 particles with submi-
cron-sized synthesized by the molten salt process demonstrated a specific capacitance 
of 18.5 F g−1 at a scan rate of 10 mV/s [95]. NiFe2O4 nanospheres showed a specific 
capacitance of 122 F g−1 at current density of 8.0 Ag−1 [26]. The results showed that the 
capacitance is increased with increasing the KOH concentration. NiFe2O4 nanospheres 
could store specific energy of 16.9 Wh kg−1 at a high current density of 8.0 Ag−1.

Nagesh Kumar et al. [96] have synthesized mesoporous NiFe2O4 nanoparticles 
(size 10–15 nm) by one step hydrothermal method. The mesopores were distributed 
homogeneously on the surface of NiFe2O4 particle. A surface area of 148 m2g−1 was 
calculated for the mesoporous NiFe2O4 nanoparticles. It exhibited high value of 
specific capacitance of 1040 Fg−1 at 1 Ag−1 in a three-electrode configuration with 
2 M KOH electrolyte. However, 30% loss in capacitance was observed for NiFe2O4 
nanoparticles after 500 cycles. NiFe2O4 synthesized by combustion route showed 
a specific capacitance of 454 Fg−1 with good cycle stability for 1000 charging-
discharging cycles [46].

To improve the capacitive properties, graphene based materials have been mixed 
with NiFe2O4 [97–99]. Soam et al. [98] obtained a specific capacitance of 207 Fg−1 
from ferrite/graphene nanocomposite in 1 M Na2SO4 electrolyte (Figure 3). This 
value of capacitance was observed about 4 times greater than NiFe2O4 electrode. 
NiFe2O4 with graphene nanosheets exhibited a stable capacitance about 95% over 
1000 cycles. Numerous pores in the electrode might be responsible for improved 
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electrochemical performance of NiFe2O4. Zhuo Wang et al. [100] have studied the 
reduce graphene oxide–NiFe2O4 nanocomposites for supercapacitor application. 
rGO-NiFe2O4 nanocomposites were prepared by hydrothermal process with vary-
ing the pH value of solution (8, 10, 12 and 14). rGO-NiFe2O4 synthesized with pH 
value of 10 exhibited the largest surface area of 459.6 m2 g−1. A specific capacitance 
of 218.47 Fg−1 was achieved for the rGO-NiFe2O4 (pH -10) at 5 mV/s−1, which is the 
largest among all the samples.

Figure 3. 
(a) TEM images of graphene/NiFe2O4 nanocomposite. NiFe2O4 nanoparticles have good contact with graphene, 
providing fast charge transportation within the electrode (b) CV curves of graphene and NiFe2O4 recorded at 5 
mVs−1. The nanocomposite of graphene/NiFe2O4 exhibited larger area under CV curve, indicating better charge 
storage capacity than NiFe2O4. (c) CV curves at different scan rates for graphene/NiFe2O4 nanocomposite. 
(d) Capacitance versus scan rate for the graphene/NiFe2O4 nanocomposite, the electrode exhibited specific 
capacitance in the range of 207-30 Fg−1 at scan rates of 5-100 mVs−1 and (e) charging/discharging curves with 
constant current of 0.5 mA. (f) Cycle stability test performed over 1000 cycles [98].
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Addition of conducting network of PANI to NiFe2O4 improved the electro-
chemical performance of PANI-NiFe2O4 nanocomposite electrode [101]. A specific 
capacitance of 448 Fg−1 was achieved with PANI-NiFe2O4. The electrode showed 
80% retention in the capacitance after 1000 cycles at the rate of 10 mAcm−2. A 
composite of mesoporous NiFe2O4 with multiwall carbon nanotubes (MWCNTs) 
prepared via hexamethylene tetramine (HMT) assisted one pot hydrothermal process 
exhibited large value of specific capacitance, 1291 F g−1 determined at 1 A g−1 [92]. 
The electrode showed capacitance retention of 81% over 500 charge–discharge cycles 
in 2 M KOH electrolyte. The asymmetric device with NiFe2O4/CNT nanocomposite 
as cathode and N-doped graphene as anode demonstrated a specific capacitance of 
66 F g−1 with energy density of 23 W h kg−1 and power density of 872 W kg−1.

NiFe2O4 nanoparticles grown on a flexible carbon cloth substrate via hydrother-
mal method demonstrated a high capacitance 1135.5 F g−1 in 1 M H2SO4 electrolyte 
and 922.6 F g−1 in 6 M KOH electrolyte with current density of 2 mAcm−2 [93]. 
The large capacitance can be attributed to the conductive 3D network of carbon 
cloth and large surface area for NiFe2O4 nanoparticles. The binder free electrode 
of NiFe2O4 nanocone forest on carbon textile (NFO-CT) exhibited specific capaci-
tance of 697 F g−1 calculated by CV at scan rate of 5 mV s−1 [94]. Further, a solid 
state supercapacitor of NFO-CT also demonstrated good value of capacitance of 
584 F g−1 at 5 mV s−1. Moreover, the device showed good cycle stability with 93.57% 
capacitance retention over 10,000 cycles. These results indicate that NFO-CT may 
be a promising candidate for high performance supercapacitor. The capacitance 
of NiFe2O4 was also observed to be dependent on the synthesis process [91]. The 
NiFe2O4 synthesized by combustion, polyol-mediated and sol–gel methods have dif-
ferent morphology and consequently different value of capacitance. A high specific 
capacitance value of 97.5 Fg−1 was obtained from sol–gel synthesized method. The 
size of grains and pores are smaller for sol–gel synthesized NiFe2O4 which could be 
the reason for better value of capacitance.

1D NiFe2O4/graphene composites prepared via hydrothermal process exhibited 
specific capacitance of 481.3 F g−1 at a current density of 0.1 A g−1 [97]. The 1D 
NiFe2O4/graphene electrode maintained 298.2 F g−1 capacitance upon increasing the 
current density to 10 A g−1. The electrode demonstrated outstanding cycle stabil-
ity over 10000 cycles (about 1% degradation in capacitance). On the other hand, 
40% loss of capacitance was observed for NiFe2O4 electrode (125 to 75 F g−1). The 
excellent electrochemical performance of NiFe2O4/graphene composites electrode 
is due to the conducting network of graphene and large number of redox active site 
from NiFe2O4. Ternary nitrogen-doped graphene/nickel ferrite/polyaniline (NGNP) 
nanocomposite showed specific capacitance of 645.0 F g−1 at 1 mV s−1 [99]. In a 
two-electrode symmetric system, the energy density and power density were deter-
mined to be 92.7 W h kg−1 and 110.8 W kg−1, respectively. About 90% retention in 
capacitance was seen after 10,000 cycles. The electrochemical behavior of NGNP is 
improved due to combined effects of EDLC and pseudocapacitor.

6. Conclusions

In this chapter, electrochemical performance of selected ferrites (CoFe2O4, 
MnFe2O4, ZnFe2O4, and NiFe2O4) and their nanocomposites with conducting 
carbon network for supercapacitor has been reviewed. Their synthesis process was 
also highlighted. The surface morphology of these materials plays an important 
role in supercapacitor. These materials store the charge by redox process. However, 
poor electrical conductivity is the main limitation to be used them in fast charging/
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Nanoferrites-Based Drug Delivery
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Abstract

Cancer is the second cause of death worldwide, whose treatment often involves
chemotherapy. In a conventional therapy, drug is transported (and usually absorbed)
across biological membranes through diffusion and systemic transport. The pathway
that medicine must travel before reaching the desired location, can bring adverse or
unwanted effects, which are mainly the result of: low bioavailability, low solubility and
toxicity. To avoiding risks, nanoparticles coated with the drug could be used as a
therapeutic substance to selectively reach an area of interest to act without affecting
non-target cells, organs, or tissues (drug delivery). Here, the goal is to enhance the
concentration of the chemotherapeutic drug in the disease parts of the body. Among
all nanostructured systems, ferrites attract worldwide attention in drug delivery appli-
cations. It is due to their versatile magnetic and physicochemical properties. Here, it is
reviewed and analyzed recent advances in synthesis, morphology, size, magnetic
properties, functionalization with a focus in drug delivery applications of nanoferrites.

Keywords: Ferrites, Nanostructures, Functionalization, Drug-loading, Drug
delivery, Cancer

1. Introduction

Cancer is a disease originating from unregulated cell growth. Those cells can
spread throughout the body, causing erroneous behaviors in organs or tissues [1].
Cancer is one of the principal problems in public health and currently is the second
leading cause of death worldwide. According to the American Joint Committee on
Cancer (AJCC) and the International Union for Cancer Control (UICC), there are
many types of cancer treatments. Treatment or therapy depends on the cancer, as
well as its stage of progress. Most individuals with cancer receive a combination of
treatments, such as surgery with chemotherapy and/or radiation therapy [2]. Che-
motherapy is crucial in the prevention of tumor recurrence and progression. Some
patients have been treated with chemotherapeutic agents (e.g., Doxorubicin, Cyclo-
dextrin, Cisplatin, Taxanes, Gemcitabine, among others) for long-term survival.
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Despite recent advances in treatments for various types of cancer, the recurrence rate
and severe side effects still are a problem. To improve the life quality of cancer
patients, more efficient and accurate targeting treatment is an urgent need.

A nanotechnology-based drug delivery system may provide a feasible means to
solve the previous challenges. This kind of technology can be a formulation or
device that enables a therapeutic substance to selectively reach an area of interest to
act without affecting non-target cells, organs, or tissues [3]. One of the most
studied, promising, and simplest ways to transport pharmaceutical compounds in
the body is using nano entities as delivery vehicles [4]. Moreover, some
nanoparticulated systems exhibit sensitivity to external stimuli, such as visible light,
near-infrared light, ultrasound, AC or DC magnetic fields, among others. These
stimuli could be made use as a tool to flexible control of dose magnitude and timing
from the responsiveness (triggered remotely) [5].

Specifically, nanoferrites have been attracted worldwide scientific community
attention for applications against cancer due to [6]:

• Their great potential for hyperthermia treatments.

• The possibility to guide nanoparticles to specific regions using an external
magnetic field.

• The chance to remotely activate the drug release in a controlled way
(alternating magnetic fields).

Ferrites are compounds derived from iron oxides, whose composition allows
tuning the magnetic properties. According to the magnetic atoms disposition and its
chemical environment, material can manifest hard of soft magnetic properties.
Nanostructure ferrites have received the most attention for drug delivery applica-
tions due to their versatile magnetic and chemical properties [7].

Previous reports have pay attention to the use of nanoferrites in biomedical
applications for:

• Improving magnetic resonance imaging sensitivity [8].

• Effective targeted treatment of lung cancer [7].

• Magnetite nanoparticles as an advanced platform for cancer theranostics [9].

• Hydrogel beads-based nanoferrites in novel drug delivery platforms [10].

• Magnetic and superparamagnetic ferrites for cancer therapy applications [11].

• Iron oxide and substitute ferrite nanoparticles in drug delivery [12].

• The toxicity of spinel ferrite nanoparticles [13].

• Biosensing platform on ferrite nanoparticles [14].

Thus, the chapter aims to correlate the morphology, size, ferrite type, magnetic
properties, functionalization, and pharmacokinetics. These correlations allow
obtaining a perspective to the physical targeting precision for cancer drug delivery
applications. Furthermore, we also discussed the current challenges and future
perspectives of nanoferrites in the field of oncology.
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2. Size, morphology, and magnetic properties of nanoferrites for drug
delivery in cancer

The size, morphology, and magnetic properties of nanoparticles in drug delivery
applications, have been identified as keys parameters in the literature [1, 2]. The
easy way to tune these properties is from the synthetic routes [15]. The growth
mechanism involved in the final morphology and structure is not completely clear.
The conditions synthesis and their correlation with the physicochemical properties
have been discussed in the literature [16]. Here, we focus on the recent advances in
morphology, size, magnetic properties, and their relationship with the synthetic
routes of nanoferrites used in drug delivery for cancer. Table A1 shows a summary
of these properties recently reported in the literature. For there, it is clear that the
synthetic routes more employed for nanoferrites synthesis are:

• Chemical coprecipitation: it is a straightforward and inexpensive method. In this
case, the precursor salts solutions containing the cationic metals are mix into an
alkaline medium in a stoichiometric proportion.

• Hydrothermal: here, the chemical reactions take place in aqueous solutions at
pressure and temperature higher than the room conditions.

• Sol–gel: the chemical reactions of hydrolysis and condensation are carried out
of precursors in solution.

Figure 1.
Transmission Electron microscopy (TEM) images for a) calcium ferrite nanoparticles with a size of 5 nm,
reproduced from Ref. [17] with permission of the editors, b) magnetite hollow spheres of diameter �350 nm,
reproduced from Ref. [65] with permission of the editors, c) magnetite nanorods, reproduced from Ref. [48]
with permission of the editors, and d) magnetite hexagonal nanoparticles, reproduced from Ref. [56] with
permission of the editors. Copyright 2019 MDPI, 2016 Nature, 2020 Elsevier, and 2021 the Royal Society of
Chemistry.
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• Solvothermal: it is like the hydrothermal technique. The difference is the use of
nonaqueous solutions.

• Less popular synthesis techniques for nanoferrites obtention are thermal
decomposition, sonochemical, thermal treatment, and thermolysis.

Tripathy et al. [14] reported a comparison among the different techniques for
ferrite nanoparticles obtention.

Based on some scientific reports, nanoferrites used in cancer drug delivery
applications range from 5.2 nm to 300 nm (Table A1). Calcium ferrite (CaFe2O4)
obtained by coprecipitation is the smallest nanostructure system. Magnetite
(Fe3O4) fabricate from the solvothermal method is the larger one (Figure 1). How-
ever, particles larger than 200 nm segregate by mechanical filtering and eventually
get removed by phagocytic cells. Nanoparticles with sizes smaller than 10 nm lead
to renal filtration and accumulation into the fenestration of the kidneys’ glomerular
endothelium. Therefore, the most effective drug delivery agents possess sizes rang-
ing between 10 and 100 nm [68]. However, Sivaraj et al. [69] suggest that the
nuclear membrane pores allow entry of nanoparticles with a size below 9 nm.
Nanoparticles penetration into the cells may be maximized by surface functiona-
lization with small molecules (e.g. folate, proteins, peptides, antibodies, and
aptamers). This penetration induces receptor-mediated endocytosis, caveolae-
mediated endocytosis, lipid raft mediated endocytosis, and/or micropinocytosis.
After endocytosis in cancer therapy, nanomaterial releases maximum drug to
inhibit the DNA/RNA synthesis and mitochondria damage.

The most common ferrite nanoparticles use for cancer drug delivery systems
ranging from 20 nm to 30 nm (Table A1). Moreover, the most popular morphology

FT Method S MS HC MR Reference

Fe3O4 Coprecipitation 11 59 0 — [20]

CoFe2O4 Thermal decomposition 13 70.7 — 30.2 [22]

MnFe2O4 Sonochemical 13 34.9 0 0 [23]

Mn-Zn (Fe2O4) Coprecipitation 15 56.0 0 0 [25]

NiFe2O4 Solvothermal 17 70 0 0 [29]

Fe3O4 Thermal treatment 23 7.1 143.8 2.2 [32]

Fe3O4 Coprecipitation 30 47.6 0 3.8 [39]

Fe3O4 Coprecipitation 35 36.3 0 — [40]

Fe3O4 Coprecipitation 40 1.57 69.1 0.15 [41]

CoFe2O4 Coprecipitation 43 36.02 0 0 [42]

GdFe2O4 Coprecipitation 90 47 0 0 [57]

CoFe2O4 Solvothermal 104 51.8 0 0 [59]

CaFe2O4 Sol–gel 112 14.9 — 0.38 [61]

MnFe2O4 Coprecipitation 140 56.1 42.6 5.2 [62]

CoFe2O4 Thermolysis 200 51.1 0 0 [64]

CoFe2O4 Coprecipitation 250 40 1.7 — [65]

Table 1.
Summary of spherical nanoparticles ferrite type (FT) obtained by different methods with their sizes (S in nm),
saturation magnetization (MS in emu/g), coercivity (HC in Oe), and remanence (MR in emu/g), reported in
the literature. All the magnetic properties were reported at room temperature.
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obtained from the synthetic routes is spherical particles (Table 1). Nanorods and
particles with hexagonal shapes are the less common nanostructures used for drug
delivery in cancer applications (Figure 1).

A complete understanding of magnetic properties is essential for a proper
implementation of nanoferrites in drug delivery applications [6]. The saturation
magnetization (Ms), coercive force (HC), and remanence (MR) are the most popular
magnetic parameters reported for nanoferrites to cancer drug delivery applications
(Table A1). Nanoferrites with the highest magnetic response (Ms) are cobalt ferrite
(CoFe2O4) with a size of 15 nm obtained by sonochemical technique [28]. The
smallest saturation magnetization was reported to zinc ferrite (ZnFe2O4)
nanostructures (75 nm), which were synthesized by the sol–gel method [53].
Usually, nanoferrites used in cancer drug delivery applications show superpara-
magnetic behavior. Superparamagnetic nanoparticles evidence zero coercivity and
remanence at temperatures above the blocking one (Table 1). In other cases, ferrite
nanostructures with coercivity as high as 3409 Oe are used in cancer drug delivery
applications (CoFe2O4 nanofibers with a diameter of 50 nm [45]. Moreover, cobalt
ferrite nanoparticles show the highest magnetic remanence of 30.2 emu/gwith a size
of 30 nm obtained by thermal decomposition (Table 1).

3. Nanoferrites functionalized and functional groups for drug delivery
in cancer

Non-functionalized nanoferrites (non-coating material on their surface) seems
to be not optimal for drug delivery application. Surface energy minimization pro-
cesses can promote agglomeration, percolation as well as other unwanted effects.
Some of the most common problems whit this kind of nanosystems are [12]:

1.Agglomeration due to the attractive forces leading to non-stability of the
nanoparticle dispersion.

2.Toxicity represents a problem in bare nanoferrites when they use without
functionalization.

3.Bare nanoparticles do not have a functional group on their surface. This makes
it hard to link drugs molecules.

To deal with these problems, nanoparticles have been coating with organic or
inorganic molecules (functionalization). The surface engineering of ferrites could
be accomplished during nanoparticle synthesis (in-situ) or after this (ex-situ). A
detailed review of the coating and functionalization strategies was reported for
nanoparticles in drug delivery applications by Pinelli et al. [70]. The surface
functionalization procedure and choice of appropriate solvent are crucial factors
for obtaining nanoferrites. Here, the repulsive interactions among nanoparticles
prevent agglomerations [71]. Moreover, functionalization promotes several advan-
tages such as stable dispersions, biocompatibility, biodegradability, and reduced
toxicity. Usually, functionalized nanoparticles loaded with drugs adopt covalent/
noncovalent interaction methods. Conjugation of a drug to a carrier by non-
biodegradable linkages results in: changing the drug chemical units, reducing drug
efficacy, and displaying relevant side effects. The drug remains unharmed by using
physical adsorption for drug conjugation, and no changes occur in the chemical
units and the controlled drug release behavior. In this case, the idea deals with
functionalized nanoparticles that have an opposite electrical charge to the cancer
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drug to promote the electrostatic interaction [42]. Moreover, surface functionality
gives significant strength to bind and adsorb cancer drugs using specific functional
groups. The characterization techniques for studying the functional groups attached
to nanoparticles for drug delivery applications have been reported previously [12].

Some examples of functional groups commonly used to functionalized
nanoferrites in drug delivery applications are:

• The carboxyl functional group of the meso, 2–3-dimercaptosuccinic acid
(DMSA), was used to functionalize cobalt ferrite nanoparticles [22].

• Magnetite nanoparticles functionalized with mesoporous silica (SiO2) [58].

• Zinc ferrite nanoparticles coated with hydroxyapatite as an intermediate of the
cancer drug [72].

• The carboxyl functional groups of citrate molecules use to functionalize
manganese ferrite nanorods [24].

• Calcium ferrite functionalized with biomolecules (casein). The hybrid
molecule combines the merits of both inorganic and organic counterparts [61].

The functionalization can allows high drug encapsulation, stabilizes the
nanocarrier, and reaches the cancer site-specific. Furthermore, the coating uses to
reach the target cells without getting removed by the reticuloendothelial system of the
body and to have a capable surface for keeping the drug unharmed until reaching the
location of interest. The performance enhancement achieves through functionalization
with suitable ligands that will bind to the aimed receptors of pathological tissues. The
size of the nanocarrier has paramount importance for rendering it absorbable by
tumor tissues [68]. The inclusion of active targeting functionalities results in drug
accumulation within tumors, tumor cells, or immune cells and allows for reduced
dosages due to specificity. Functionalized ferrite nanoparticles have been used for: a)
imitate ligand binding to receptors, b) for initiation of cellular signaling, c) for
increased stimulation of immune cells to better infiltrate and extinguish immunosup-
pressive tumors [73]. Commonly, the pH of cancer cells (tumor) is acidic ranging
between 4 and 5. It is due to the presence of lactic acid, which starts due to inefficient
consumption of glucose [74]. On the other hand, the pH in an extracellular matrix or
bloodstream is natural (pH = 7) [75]. This difference in pH offers to fabricate
functionalized nanoparticles as a pH-sensitive trigger for drug delivery applications.

The most popular drugs for cancer delivery applications, using ferrites as
nanocarriers are: Doxorubicin [58], 5-Fluorouracil [21], Docetaxel [76], Hesperidin
and Eugenol [60], Curcumin [77], Tamoxifen [55], Cisplatin [78], Nilotinib [79],
Camptothecin [38], and Telmisartan [20]. Hydrophobicity of the orally adminis-
tered drugs for cancer treatments has low systemic bioavailability [80]. It produces
low water solubility and can cause serious adverse effects [62].

Among functionalized nanoferrites investigated to load cancer drugs, one can find:

1.Zinc ferrite functionalized with Polyethylene Glycol (PEG) and chitosan
loaded with Curcumin [80]. Chitosan takes cationic amine functional groups,
at low pH, which would involve an ionic gelation process with polyanions to
form nanoparticles. It is used as an effective drug carrier, where the reactive
amine groups on the chitosan side chain are used for functional group
modifications. The hydrophobically modified chitosan improves the
encapsulation efficiency of the carrier towards the hydrophobic drugs [34].
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2.Cobalt ferrite nanoparticles functionalized with DMSA used the amine
functional group of Doxorubicin molecules. Here, it is attached through
electrostatic interaction and/or hydrogen bonding interactions with the
carboxylic functional group of the DMSA [22].

3.Magnetite nanoparticles functionalized with mesoporous silica used the amine
group of Doxorubicin to attach [58].

4.Zinc ferrite nanoparticles functionalized with hydroxyapatite had covalent
bonds with the zoledronic acid drug. Amino or hydroxyl functional groups
presented in hydroxyapatite are a strong chemical bond with the mineral
material of bone phases [54].

5.Magnetite nanoparticles functionalized with gelatin using the functional
groups -NH3+-. It produces by partial hydrolysis of collagen to interact with
Doxorubicin [81].

6.Calcium ferrite nanoparticles functionalized with biomolecules (casein), which
allows the conjugation of targeting ligands with functional groups. Actively bind
with specific receptors that may be overexpressed on tumor cells, allowing
improved biodistribution and delivery of the drugs at the cancer site [61].

7.Manganese ferrite nanorods functionalized with citrate molecules to
electrostatically attach Doxorubicin [24].

Proteins are promising carriers for drug delivery applications. The main advan-
tages are the abundance of active sites, improved biocompatibility, easy availability,
and pH-dependent swelling behavior. The last one allows the programmed release
of the cytotoxic agent in response to the acidic cancer microenvironment [82].

DFT calculations demonstrated Cisplatin on graphene oxide can be adsorbed by
the functionalized nanoferrites. Here, hydrogen bonds forming with hydroxyl and
epoxy functional groups. It involves the formation of the amide bond between
Cisplatin and the COOH functional group of graphene oxide. In the case of glutar-
aldehyde, the functional group is CHO, which formed the amide bond between
Cisplatin and the CHO functional group [18].

4. Drugs loaded on functionalized nanoferrites for cancer treatments

Drug-loading of nanoparticles plays an essential role in drug delivery systems.
There are several ways through which the drug can load with the functionalized
nanoparticle:

• Encapsulation. It can entrap inside the nanoparticle.

• Functionalization. It can coat the surface of the nanoparticle.

• Chemically linked. It can be bond with the functionalized particle itself.

The second key point in functionalized nanoparticles design is the necessity to
provide the nanoparticles with specific properties. The interaction with the external
environment in the human body increases the targeting action towards determined
sites [70].
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Drug-loading involves several variables such as the solvent type and amount of it, the
temperature, time of loading, and the drug-loading capacity. Themost popular solvent
for drug-loading iswater (seeTableA2). Less popular solvents involved in drug-loading
are ethanol, dichloromethane, and saline solution. Usually, the solvent quantity varies
from1ml to 200ml. The drug-loading capacity represents the amount of drug loader per
unit weight of the nanoparticle. Drug-loading represents the percentage of the nanopar-
ticle mass that is due to the encapsulated drug. Loading capacity can calculate by the
amount of total entrapped drug divided by the total nanoparticle weight. The drug-
loading values reported for nanoferrites ranging from 0.016 [64] to 3.3 [63]. These
values correspond to cobalt ferrite loadedwithDoxorubicin andDocetaxel, respectively.
The loading-drug temperature ranges from 4°C [54] to 55°C [33].

From Table A2 many reports did not include the drug-loading solvent, the
solvent quantity, and the drug loading capacity. The efficiency of drug-loading
measure by a high-performance liquid chromatography system (HPLC) [30] or
ultraviolet–visible spectroscopy (UV–Vis) [18]:

Drug � loading% ¼ total amount of drug � free amount of drug
total amount of drug

x100 (1)

The free amount of the drug is measure by the absorbance of the supernatant in
a UV–Vis spectrophotometer at the maximum wavelength of the dissolved drug.
The nanoferrites can magnetically remove from the solution instead of the centri-
fugation process. The maximum wavelength for anticancer drugs are: Doxorubicin
at 479 nm [23], Curcumin at 425 nm [34], Camptothecin at 480 nm, [68], 5-Fluo-
rouracil at 266 nm [21], Cisplatin at 300 nm [18], Imanitib at 260 nm [31],
Telmisartan at 296 nm [20], and Tamoxifen at 250 nm [55].

The time of loading is one of the essential factors in drug-loading. Figure 2
shows a summary of the drug-loading efficiency results reported in the literature.
The highest efficiency for drug-loading (98,3%) is reporting for calcium ferrite
loaded with Curcumin in ethanol solvent at 100 mL with a drug-loading capacity of
0.4, at room temperature for 3 h [34]. The lowest efficiency for drug-loading
(8,4%) is reporting for cobalt ferrite. It is loaded with Docetaxel in 10 mL of
dichloromethane at room temperature for 1 h.

Figure 2.
Summary of the drug-loading percentage as a function of the time reported in the literature. All the data plotted
are shown in Table A2.
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Other alternatives for drug-loading of nanoferrites composites include:

1.Anchored nanoferrites of cobalt [28] and manganese [23] on graphene oxide
were developed for controlled drug delivery nanocomposites.

2.Doxorubicin and nickel ferrite nanoparticles were incorporate into
N-carboxymethyl chitosan/poly(ε-caprolactone) nanofibers for drug delivery
applications [51].

5. Drug delivery of functionalized nanoferrites for cancer treatments

Conventional drug delivery methods rely on the absorption of drugs and trans-
port across biological membranes through diffusion and systemic transport. The
targeted drug delivery, on the contrary, focuses on enhancing the concentration of
the chemotherapeutic drug in the disease parts of the body [87]. The drug release
studies, usually, are realized in simulated physiological conditions and measured by
HPLC [30] or UV–Vis spectra [88]. For UV–vis spectrophotometer, the percentage
of release drug is given by [49]:

Drug release% ¼ amount of release drug
amount of loaded drug

x100 (2)

The drug release mechanisms evaluate with different models, such as zero-order,
first-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell. A detailed explanation
of these five mathematical models to investigate drug release kinetic on in-vitro
release data was reported by Jafari et al. [75]. The best mathematical model with a
high correlation coefficient determines the suitable mathematical model and confirms
drug release kinetics. Some results reported in the literature are summarized next:

• Curcumin drug loading on vanillin-chitosan coated with calcium ferrite hybrid
nanoparticles as a carrier [34]. In most cases, the release mechanism follows
non-Fickian diffusion, which may be due to the porous nature of the material,
swelling ability, or the presence of an excess amount of surface adsorbed drug
on the nanoparticles.

• Doxorubicin hydrochloride and Methotrexate drugs load on magnetite
nanoparticles based on polyurethane matrices. The best fitting for the drug’s
release was the Higuchi kinetic model [75].

• Hesperidin drug loaded on magnetic casein-CaFe2O4 nanohybrid carrier
conjugated with progesterone. Here, the release profile exhibiting the best fit
towards the Higuchi model. Fickiand diffusion was validated as the release
mechanism, which is a concentration gradient process [61].

• Doxorubicin drug loaded on carboxymethyl chitosan/poly(ɛ-caprolactone)/
doxorubicin/nickel ferrite core-shell fibers. Here, the Korsmeyer-Peppas
model showed the best pharmacokinetic fit [51].

• Hesperidin and Eugenol drugs loaded on folic acid functionalized BSA-
CaFe2O4 nanohybrid carrier. The Korsmeyer-Peppas model showed the best fit
for releasing the drug. The release mechanism at pH 1.2 is by anomalous
diffusion. It is a combination of Fickian diffusion and the gradual erosion of the
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polymer. The release data for pH 5.8 and pH 7.4 fits well with the Higuchi
model indicating a surface diffusion mechanism, in other words, the diffusion
of the surface-bound [60].

• Cisplatin drug loaded on magnetite nanocomposite. The results of the kinetic
studies suggest that the most proper model to interpret the release of the drug
in pH 5.5 is the Korsmeyer-Peppas equation. The value of the release exponent
in this model suggests that the prime mechanism of drug release is diffusion
and Fickian [78].

• Doxorubicin drug loaded on pure and lanthanum doped bismuth ferrite
nanostructures. The kinetic studies and adsorption isotherms revealed that the
adsorption of the drug fitted well to the pseudo-second-order and Freundlich
isotherm models. The adsorption of doxorubicin followed the multi-layered
heterogeneous adsorption. The probable loading mechanism was electrostatic
interaction [89].

The efficiency in-vitro tumor-targeted drug delivery of the nanoferrites loaded with
anticancer drugs is evaluated by fluorescence microscopy imaging [58]. Here, the
authors used human cancer cell lines as: MCF-7, A-549 [81], A431 [37], SKOV-3, MDA-
MB-231 [61], SK-BR3 [33], MDA-MB-231, MCF-10A [90] in a culture media which is
incubate in presence of the nanoferrites. Moreover, cytotoxicity determines the effi-
ciency of the formulation [51]. The cytotoxic effect of the nanoformulation tests the cell
viability (MTT) assay. It evaluated the ability of viable cells to reduceMTT to formazan
crystals. The following equation used to calculate the % of cell viability is [91]:

%Cell viability ¼ average sample read
average control read

x100 (3)

In-vivo antitumor therapy came tests in mice. Here, hepatoma cell lines (H22)
inoculate into the back of the hind leg through subcutaneous injection. When the size
of the tumor was grown to about 40 mm3 were treated with the drug-loading
nanoferrites. All the formulations were injected intravenously through the tail of mice.
The tumor inhibition rates could be determined by fluorescence microscopy [67]:

Tumor inhibition rates ¼ 1� tumor volume with drug group
tumor volume in control group

x100 (4)

Nanoferrites have got importance in terms of biological applications due to their
physicochemical properties. To enhance their cancer therapeutic effect stimuli-
responsive combine treatments have been developed:

• Magnetic hyperthermia therapy. Here, drug release may be activated applying an
external alternating magnetic field which transforms electromagnetic energy
into heat and induces the drug carrier to release its contents into the target site
[34, 36, 57]. The combined techniques can enhance the therapeutic effect by
increasing the blood flow and improving the oxygen supply to the tumor sites
when increasing the temperature of the tumor sites from 37°C to hyperthermia
temperature 42–45°C. This phenomenon can also enhance the drug delivery
efficacy and increase the drug dosage to the target tumor sites. To determine
the intracellular drug delivery of ferrite nanoparticles load with anticancer
drugs, which were placed in dialysis membrane tubes and dialyzed at 37°C
with different pHs [22].
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• Chemo-sonodynamic therapy. It is another strategy for cancer treatment because
the low-intensity ultrasound caused the activation of drug-loaded magnetic
nanosonosensitizers. With synthesized ultrasound-sensitive nanocarriers,
chemo-sonodynamic therapy is a generator of cellular reactive oxygen species,
mitochondrial damage, and inducer effect through the release of the loaded
drug in magnetic nanoferrite [53].

• Photodynamic therapy. Photodynamics is a method to treat cancer via light and
photosensitizing chemical material. Here, small bandgap energy of the
nanocarrier is desired to excite the electrons by light. The electrons transferred
from the conduction band to the valence band produce an electron–hole pair.
These pairs react with H2O and O2 and produce reactive oxygen species (ROS)
[77].

• Microwave irradiation. Microwave irradiation added to magnetite
nanocomposite increases the drug release [19].

Usually, drug delivery is dramatically pH-dependent. Most of the papers
reported in the literature studied the influence of pH on the release behavior of the
carrier. pH variations at different physiological situations trigger a controlled deliv-
ery of drugs at different sites. The pH-responsive drug release under three condi-
tions of simulated gastric fluid (pH 1.2), cancer microenvironment (pH 5.4), and
simulated body fluid (pH 7.4) during a determined time [61]. Table A3 shows the
influence of the pH on the release efficiency of the carrier. From there, in all cases,
the acidic pH stimuli the rate of drug delivery. Table 2 shows the drug release
percentage at cancer microenvironment conditions for nanoferrite formulations.
The time of drug release is one of the essential factors in drug delivery. Figure 3

System pH t (h) T (°C) DR (%) Reference

Fe3O4� Doxorubicin 5.5 80 37 60 [58]

Mg0:5Co0:5
Fe2O4-5-fluorouracil

4.5 48 37 97 [21]

CoFe2O4 -Doxorubicin 5.4 75 37 42 [83]

CoFe2O4 -Doxorubicin 5.4 120 37 52 [47]

CoFe2O4-Hesperidin and eugenol 5.8 24 35 73.7 [60]

MnFe2O4 -curcumin 5.5 120 37 90 [60]

CoFe2O4 - Doxorubicin 4.0 24 37 60 [43]

MnFe2O4- Doxorubicin 5,5 10 37 17.16 [24]

Fe3O4 - Curcumin 5.0 120 37 40 [92]

Fe3O4 -Telmisartan 5.5 52 37 82 [20]

ZnFe2O4 - Curcumin 5.5 96 37 64.71 [53]

Fe3O4- Cisplatin 5,5 48 37 96 [78]

Fe3O4-Doxorubicin 5.8 72 25 70 [26]

CoFe2O4-Doxorubicin 5.4 72 37 80 [42]

Table 2.
Summary of drug delivery conditions and results reported in the literature for ferrite nanoparticles loaded with
anticancer drugs (system). The main conditions are the cancer microenvironments (pH), the time (t), and the
temperature (T) of release. The drug release (DR) percentage measures the efficiency of the process.
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shows a summary of the drug delivery efficiency results reported in the literature.
The highest efficiency for drug delivery (97%) is reporting for magnesium-cobalt
ferrite loaded with 5-fluorouracil for 48 h [21]. The lowest efficiency for drug
delivery (8,9%) was reported for magnetite load with Curcumin for 37 h.

6. Conclusions

Recent advances reviewed on synthetic routes for the obtention of nanoferrites
for drug delivery applications. The most popular ferrite is magnetite obtained by
chemical coprecipitation method with sizes ranging from 20 nm to 30 nm, and
spherical shape. Moreover, it reviews the magnetic properties of ferrite
nanoparticles. Often, the nanoferrites are superparamagnetic. Coated the
nanoparticle’s surface with organic or inorganic molecules makes the
nanostructures optimal for drug delivery applications. Functionalization reduces
the agglomeration and toxicity of the nanoferrites. Physical adsorption among the
functional groups of the cancer drugs and the coated molecules on the nanoparticles
preserve the chemical structure of the medicament. Oncology drugs were detailed
for drug delivery applications. The most popular solvent for drug-loading is water.
It discussed the influence of parameters such as: pH, temperature, and time on
drug-loading.

It reviewed the main drug release mechanisms for investigating pharmacokinet-
ics. The release mechanism is highly dependent on the pH, the type of drug, and the
nanocarrier. It discussed the stimuli-responsive combine treatments for cancer drug
delivery applications. Some challenges persist:

• The nonspecific accumulation of the drug and the lack of real-time monitoring
of the delivery.

• Develop novel multifunctional theranostic platforms with the abilities of
intelligent controlled released and in-vivo site targeting delivery and treatment
of illnesses.

Figure 3.
Summary of the drug delivery efficiency as a function of the time reported in the literature. All the data plotted
are shown in Table 2 and A3.
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• Improve the delivery effectiveness of a drug by maintaining the concentration
of the drug between the effective and toxic levels.

• Inhibiting the dilution of the drug in the body fluids, and allowing targeting
and localization of a drug at a specific site

• Determine the optimal temperature and concentration of drug required to
promote effective apoptosis.

Acknowledgements

C.L.L.C and J.A.J.H acknowledge Ministerio de Ciencia Tecnología e Innovación -
Colombia (MINCIENCIAS, Call # 848). O.M.L and C.L.L.C acknowledge Unidad de
Investigación from Universidad Autónoma de Manizales (Colombia).

Conflict of interest

The authors declare no conflict of interest.

Appendices and nomenclature

FT Method S
(nm)

Mo MS

(emu/g)
HC

(Oe)
MR

(emu/g)
R

Ca Coprecipitation 5 Spherical 12.8 3.4 0.06 [17]

Fe Coprecipitation 7 Spherical — — — [18]

Mn Coprecipitation 10 Semi- spherical 13 12.9 0.15 [19]

Fe Coprecipitation 11 Spherical 59 0 — [20]

MnCo Glycol-Thermal 12 Spherical — — — [21]

Co Thermal
decomposition

13 Spherical 70.7* — 30.2 [22]

Mn Sonochemical 13 Spherical 34.9 0 0 [23]

Mn Hydrolysis 15 Nanorod 69.3 116 — [24]

MnZn Coprecipitation 15 Spherical 56 0 0 [25]

Fe Coprecipitation 15 Spherical — — — [26]

Co Coprecipitation 15 Spherical — — — [27]

Co Sonochemical 15 Spherical 94 0 0 [28]

Ni Solvothermal 17 Spherical 70 0 0 [29]

Ho Hydrothermal 21 Spherical 47.8 — — [30]

Zn Hydrothermal 21 Coral 2 0 — [31]

Fe Thermal treatment 23 Spherical 7.11 143.9 2.21 [32]

Ni Sol–Gel 24 Spherical — — — [33]

Ca Combustion of
solutions

25 Spherical 9.11 — 0.02 [34]
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FT Method S
(nm)

Mo MS

(emu/g)
HC

(Oe)
MR

(emu/g)
R

Co Coprecipitation 26 Spherical 49 549 — [35]

Co Microwave heating 27 Spherical 90.5 830 — [36]

Ca Coprecipitation 30 Semi- spherical 58.3 — — [37]

Fe Hydrothermal 30 Hexagonal 1.2 175 0.91 [38]

Fe Precipitation 30 Spherical 47.6 0 3.81 [39]

Fe Coprecipitation 35 Semi- spherical 36.3 0 — [40]

Fe Coprecipitation 40 Spherical 1.57 69.1 0.15 [41]

Co Coprecipitation 42 Spherical 36.0 0 0 [42]

Co Solvothermal 43 Spherical 47.7 — — [43]

Co Coprecipitation 43 Spherical 62.4 — — [44]

Co Precipitation 50 Nanofiber 3.9 3409 2.1 [45]

Co Coprecipitation 50 Spherical 59.9 — — [46]

Co Sol–Gel 50 Semi- spherical 64 — — [47]

Fe Hydrothermal 50 Nanorods 22.2 0 — [48]

Fe Coprecipitation
inverse

60 Spherical 63 — — [49]

Ca Combustion of
solutions

60 Spherical 9.1 — 0.02 [50]

Ni Sol–Gel 70 Spherical 50.5 — — [51]

Ho Hydrothermal 74 Semi- spherical 43 — — [52]

Zn Sol–Gel 75 Spherical 0.6 65.6 3.8 [53]

Zn Coprecipitation 80 Semi- spherical 31 100 — [54]

Fe Coprecipitation 80 Semi- spherical 80.1 — — [55]

Fe Hydrothermal 90 Hexagonal 34 714 — [56]

Gd Coprecipitation 90.1 Spherical 47 0 0 [57]

Fe Solvothermal 95 Spherical 59 — — [58]

Co Solvothermal 104 Semi- spherical 51.8 0 0 [59]

Ca Sol–Gel 112 Spherical 15 0.16 0.38 [60]

Ca Sol–Gel 112 Spherical 15 — 0.38 [61]

Mn Coprecipitation 140 Spherical 56.1 42.6 5.22 [62]

Co Thermolysis 157 Spherical 13.7 0 — [30]

Fe Hydrothermal 200 Spherical 71.9 0 0 [63]

Co Thermolysis 200 Spherical 51.1 0 0 [64]

Co Coprecipitation 250 Spherical 40 1.7 — [65]

Mn Coprecipitation 300 Nanorods 18 — — [66]

Fe Solvothermal 300 Spherical 57.4 57.5 — [67]

Table A1.
Summary of nanoparticles ferrite type (FT) obtained by different methods with their sizes (S), morphology
(Mo), saturation magnetization (MS), coercivity (HC) and remanence (MR), reported in the literature (R).
The magnetic properties were reported at room temperature.
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FT Drug Sol QS LD T(°C) t(h) %L R

Co D D 10 — RT 1 8,4 [30]

Fe T E 5 0.2 30 12 12 [55]

Co D W 30 3.3 RT 2 12,2 [63]

Ni C E — — RT 12 — [29]

Co Do W 5 — — 1 — [65]

Co Do W 25 0.04 25 24 — [83]

Mn-Zn Do W 10 — RT 24 17.3 [25]

Mn C W 25 — RT 3 21,3 [84]

Fe C — — 0.2 RT 0,5 23,7 [85]

Gd Do S 5 0.2 RT 24 24 [57]

Fe C W 10 0.2 RT 24 42 [48]

Co Do — — — RT 24 43 [59]

Co M W — 0.005 RT 1 47 [35]

Fe C W 25 0.3 RT — 52,3 [32]

Co Do — — 0.67 25 24 53,3 [42]

Fe I W 30 — RT 24 61 [82]

Ca H E — — RT 4 62,9 [40]

Zn C E 1 — — 3 63 [60]

Ni Z W 20 — 55 9 63.2 [80]

Co Do — — — RT 24 64 [66]

Co Do W 1 — 25 27 64.3 [33]

Co Do W 5 0.016 30 24 65 [43]

Fe Do — — 0.5 RT 24 65 [27]

Zn Zo — — — 4 24 66,7 [64]

Mn-Co 5-F — — — RT 48 67 [58]

Co Do W 5 — 29.85 6 68,8 [54]

Fe C W 50 — RT 24 72,4 [21]

Zn C W 50 0.016 RT — 76,4 [71]

Co Do W 5 — RT 1 78 [41]

Ca Ci — — — 25 — 86.5 [53]

Fe Cis — — — RT 24 87 [86]

Mn 5-F — — 0.2 RT 12 88 [82]

Co Do — — — RT 24 89 [18]

Co Do — — 0.2 RT 6 90 [62]

Zn I — — 0.42 45 0,5 94,0 [47]

Co Do S 200 — 37 24 95 [22]

Mn Do W 10 0.5 RT 24 97 [31]

Ca E — — — 37 24 97.5 [37]

Ca C E 100 0.4 RT 3 98,3 [34]

Table A2.
Summary of nanoparticles ferrite type (FT) loaded (Fe: Magnetite) with different anticancer drugs (D:
Docetaxel, T: Tamoxifen, C: Curcumin; do: Doxorubicin, M: Methotrexate, I: Imatinib, H: Hesperidin, Z:
Zidovudine, zo:Zoledronic acid, 5-F: 5-fluorouracil, ci: Cinnamaldehyde, Cis: Cisplatin, and E: Epirubicin,),
the solvent (sol) used for loading (D: Dichloromethane, E: Ethanol, W: Water, and S: Saline solution) and the
quantity (QS, in mL), the loading capacity (LD), the temperature (T), time (t, in hours), and percentage (%
L) of loading, with their references (R).

87

Nanoferrites-Based Drug Delivery Systems as Adjuvant Therapy for Cancer Treatments.…
DOI: http://dx.doi.org/10.5772/intechopen.100225



System pH t (h) T (°C) DR (%) Reference

Fe3O4 - Doxorubicin 7.4 80 37 20 [58]

Mg0.5Co0.5
Fe2O4–5-fluorouracil

6.5
7.4

48 37 73
73

[21]

Fe3O4- Docetaxel 7.4 48 37 82.43 [76]

CoFe2O4 -Doxorubicin 7.4 120 37 22 [47]

CoFe2O4- Hesperidin and Eugenol 1.2
7.4

24 35 87.44
54.29

[60]

MnFe2O4 - curcumin 7.4 120 37 41 [84]

CoFe2O4 - Doxorubicin 7.4 50 37.5 42.6 [43]

CoFe2O4 - Doxorubicin 7.4 24 37 30 [59]

MnFe2O4 - Doxorubicin 7.4 10 37 11.93 [24]

CoFe2O4 - Curcumin 7.4 72 37 57,1 [77]

Fe3O4- Curcumin 7.4 120 37 8,9 [92]

CoFe2O4 - Docetaxel 7.4 408 37 81 [30]

Fe3O4 -Telmisartan 7.4 52 37 25 [20]

ZnFe2O4 - Curcumin 7.4 96 37 76.45 [53]

Fe3O4 - Tamoxifen 7.4 120 37 75 [55]

Ag(1-x)NiFe2O4 - Curcumin 6 5 31 74 [29]

ZnFe2O4 - Curcumin 6 15 38 — [93]

NiFe2O4 -, CoFe2O4 - and Fe3O4 -Doxorubicin 7.4 0.0069 37 13.3 [71]

Fe3O4 - Cisplatin 7.4 48 37 93 [78]

Fe3O4 - Doxorubicin 6,86 25 — 35 [39]

Fe3O4 - Doxorubicin 7 72 25 35 [26]

CoGdxFe2-xO4 - Curcumin 7.4 24 30 95 [94]

CoFe2O4 - Doxorubicin 7.4 72 37 80 [27]

ErFe3O4- Camptothecin 7.4 45 37 72 [38]

Table A3.
Summary of drug delivery conditions and results, reported in the literature for ferrite nanoparticles loaded with
anticancer drugs (system). The main conditions are the pH, the time (t) and the temperature (T) of release.
The drug release (DR) percentage measure the efficiency of the process.
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Chapter 6

Development of Graphene Based 
Cobalt-Ferrites Nanocomposites 
for Microwave Shielding
Muhammad Siyar and Asghari Maqsood

Abstract

The study is related to cobalt ferrites nanocomposites embedded with graphene 
nanosheets, prepared by co-precipitation method. Various doping of graphene 
from 0.1% up to 1% were applied within the cobalt ferrite structure to study its 
microwave and mechanical effects on the nanocomposites. Microstructural analy-
sis confirms the homogeneous dispersion and successful adhesion of graphene 
nanosheets within the cobalt ferrite matrix. Microwave absorbing capacity of 
these samples was studied by Agilent network analyzer in low frequency band of 
microwave (1MHz to 2 GHz), Results reveals that graphene incorporation not only 
improved the absorption capacity of cobalt ferrites (13dB-17d), but also widened its 
maximum absorption peak. This change was supposed to be due to inhomogeneity 
and combine effects of electric (graphene), and magnetic dielectric nature (cobalt 
ferrites). Further mechanical characterizations reveal that our composites samples 
have higher flexural strength (19.92 MPa for 1% loading) and improved toughness 
(>6000 J/mm2) compare to pure cobalt ferrites (10.28 MPa, 1000 J/mm2).

Keywords: Cobalt ferrites, nanocomposites, graphene, microwave shielding

1. Introduction

1.1 Introduction to ferrites

Ferrites are the magnetic mix metal oxides comprising the ferric ions as an 
essential constituent, while in mineralogy or in metallurgy the term ferrites refer 
to that material having a cubic crystal structure of spinal mineral. The ferrites 
application has been known from ancient times for multiple centuries. Magnetite 
or ferrous ferrite is a naturally occurring ferrite. These are a class of mix metal 
magnetic oxide materials where ferric ions are present as a basic constituent. 
In metallurgy or mineralogy any materials containing spinal mineral of cubic 
crystal structure is referred as ferrites. The Chinese found its use in the loadstone 
(i.e. Fe3O4) due to its weak permanent magnetism for navigation purposes as 
early in the 12th century [1, 2].

Hilbert a German scientist, in 1909 reported first systematic study on the 
relation between magnetic and chemical properties of many iron oxides, but faced 
hurdles to identify its magnetic phases. However near to 1930s modern ferrites were 
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investigated by Forestier, Hilppert and Wille for their structural, magnetic and 
electrical properties. Japanese scientist’s attempted to study magnetic oxides from 
1930s to 1935, Snoek and co-workers were studying the ferrites in 1936; they found 
that one of the important properties of ferrites to use as core for inductors is the loss 
tangent per permeability, so called loss-factor (Figure 1) [3].

They also investigated that loss can always be minimized by introducing an 
air gap and the permeability not effected adequately. This finding, led Snoke to 
develope manganese-zinc ferrite, of low loss and ultimate permeability. It was 
1945, that Snoke coined the physical and technological applications of modern 
ferrites and a new field of science came into being. Since that time ferrites brought 
stormy revolution in electrical and electronic areas, to improve its capability and 
endurance [4–6].

1.2 Structure of ferrites

Ferrites crystallize in three types of structures.
Garnet Ferrites: These are also cubic structural ferrites but with general formula 

Ln33 + Fe5O12, here Ln maybe, EU, Tb, Tm, Ho, Er, Gd or Ln [7].
Magnetoplumbit ferrites: With hexagonal structure, having general formula 

M2 + Fe12O19, where M may be Sr. or Ba [8].
Spinal ferrites: Having cubic crystalline structure with general formula 

M2 + Fe2O4, here M may be any metal such as Mn, Cd, Fe, Co, Cu, Mg or Al [9].
Spinal ferrites are the simplest structure, crystallizes among the three ferrites 

groups. The spinal ferrites unit cell is comprised mainly of oxygen lattice, having 32 
oxygens, 16 trivalent irons along with 8 divalent metal ions, as shown in Figure 2. 
An interesting feature of oxygen lattice is its ions are arranged in face centered cubic 
structure, such that two types of interstitial sites are produced, at A site tetrahedral 
co-ordinate and octahedral B sites. The whole unit cell consists of two groups 
of four cubes. The positions of the ions are changing in these groups may share 
corners, faces or edges. Each group having four oxygens (Large spheres), located 
diagonally on each accountant and also on the tetrahedral corner. The tetrahedral 
oxygen ions surrounding the metal ions located in the center of the left hand side 
octant (small sphere, not shaded). This ion appeal to occupy A site of the intrinsic 
position produced by oxygen.

The second ionic group on right hand contains four metal ions enclosed by an 
octahedron resulted from six oxygen ions, and goes to fill the B site. Hence each unit 
cell consists of 64 A sites, only 8 of which are occupied and remaining unoccupied 
free sites. B sites are 32 in number, 16 of which are occupied [4, 5].

Figure 1. 
Ferrites devices used in different applications [1]. It can be easily made in any design and shape, and hence give 
it more diversity to be applied in various magnetoelectric applications.
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1.3 Synthesis routes of ferrites

As we are interested in ferrites composites, so we have to evaluate nano ferrites 
synthesis techniques, while coarse ferrites are produced by traditional ceramic 
processing. Nano particles ferrites are superior due to large surface area, very small 
size, high surface energy and excellent properties [9, 10].

Bottom –up and top-down approaches are reported so far, in bottom-up we take 
molecules or atoms to manipulate these in a systematic way to get the desired shape, 
size and properties of specific ferrite materials. In top-down approaches the bulk 
materials are broken down repeatedly until we get nano sized materials. Mechanical 
attrition done in high energy ball milling is an example of top-down approach.

Synthesis routes may be generally classified in two ways, the physical way 
(involving only physical changes such as phase, shape, and size of the matter) 
and chemical way (where permanent or chemical change occurs). Bottom-up 
techniques as lithography, ball milling and screen printing are all physical synthesis 
routes. Some chemical routes for nano ferrites synthesis are sol–gel, hydrothermal 
and co-precipitation reported from various laboratories [11, 12].

Maaz et.al reported the successful synthesis of cobalt ferrites nano particles via 
wet chemical route. In this study they have studied CoFe2O4 nanoparticles in the 
nanometers range size for low saturation magnetization and large coercivity. They 
succeeded to achieve an efficient control over the size of the synthesized cobalt 
ferrite particles via finely tuning the annealing temperature and time [13].

we have presented the synthesis of CoFe2O4 nanoparticles in the range 
15–48 nm. The size of the nanoparticles was measured both by XRD and TEM and 
were in very good agreement with each other indicating that there was no agglom-
eration and that the size distribution of the prepared nanoparticles was small. 
The size of the nanoparticles appeared to increase linearly with annealing tem-
perature and time most probably due to coalescence that increases with increasing 

Figure 2. 
Structure of spinal ferrite unit cell, comprised mainly of oxygen lattice, having 32 oxygens, 16 trivalent irons 
along with 8 divalent metal ions [5].
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temperature of anneal. It is evident that particle size and its distribution may be 
controlled both by controlling the rate of reaction and the annealing temperature 
and time. The very large coercivity and low saturation magnetization at 77 K in 
comparison with room temperature appear to be due to a pronounced growth of 
magnetic anisotropy at low temperatures. The observed magnetization remanence 
ratio of 0.47 at room temperature (very close to the value of 0.5 typical of a system 
of noninteracting single domain particles) suggests that CoFe2O4 nanoparticles 
exhibit an effective anisotropy that is uniaxial. The effective uniaxial anisotropy in 
magnetic nanoparticles has been explained as arising from surface effects that also 
lead to large anisotropy energy in nanoparticles. The coercivity shows a peak with 
particle size at a value much smaller than the single domain limit and is attributed to 
the onset of thermal effects at small enough particle sizes. We find that for smaller 
particles the saturation magnetization had a value that was significantly lower than 
the bulk value while the larger size particles have values approaching those of the 
bulk. The smaller value of MS in smaller particles is attributed to the greater frac-
tion of surface spins in these particles that tend to be in a canted or spin glass like 
state with a smaller net moment.

1.4 Properties and applications

Ferrites are used in almost every electrical and electronic devices, it finds its use 
in the applications from simple lifting magnets to complex electrical and commu-
nication systems. Demand for ferrites is increasing rapidly due to the advancement 
in modern technology, such as satellite communications, radar systems, memory, 
and advance computer applications. The major upsurge for the passion of ferrites 
research is due to the development of modern small and fast power supplies, which 
are being used in cell phones, computers, communications, microprocessors, and 
entertainment applications [14].

Ferrites coined its modern use, first in a powerful application to enable the 
time dependent magnetic deflection of the electron array, in a television receiver. 
Mn-Zn ferrite emerged as an excellent candidate for core material in line-time-base 
and e.h.t transformer. Another excellent area of use was the field-shaping the yoke 
for beam deflection system in the picture tube. Later on, several ferrites’ composi-
tions i.e. Mg-Zn, Ni-Zn and Li-Zn etc. were applied for yokes application due to 
higher resistivity to enable direct winding of the coils on ferrite. However highly 
efficient TV deflection yokes are fabricated from Mn-Zn ferrite. Also, ferrite 
rods and plates make it possible to make the compact antennas for radio receivers 
(Figure 3) [12–14, 16].

The need for use of ferrites in line communication systems started, when the 
analog frequency divisions multiplex (FDM) systems demand for large numbers of 
ultimate performance, transformers and inductors operating in the frequency range 
from 40 kHz to 500 kHz. Ferrites were selected an excellent agent for core materials 
in these applications, due to a combination of high resistivity along with good mag-
netic nature. Their large frequency range along with ultimate resistivity successfully 
replaced the conventional metallic magnetic materials and further enabled FDMs to 
operate over wide and higher frequency range [17].

Other important applications of ferrites are summarized below.

• Flyback transformers [18]

• Fitter inductors [15]

• Magnetic amplifier [19]
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• Antenna cores

• IF transformers

• Magnetic switches and memories

• Magnetic drug delivery systems.

2. Materials and methods

Graphene based cobalt ferrites nano composites were prepared by facile 
co-precipitation route [20]. Homogeneous solution was first prepared by mix-
ing appropriate amount of Fe (NO3)3.9H2O and 0.1 mol of Co (NO3)2.6H2O in 
deionized water followed by vigorous mixing. Appropriate amount of GO loading 
was applied to achieve 1%, 0.5% and 0.1% loading in respect to ferrite precursors. 
The prepared homogeneous mixture was stirred continuously and heated up to 
95°C, while NaOH salt was added drop by drop. The process of mixing at the set 
temperature was continued for around 3 hours to obtain the dark black solution. 
After completion of reaction the solution was washed and filtered with the help 
of centrifuge again and again to get the neutral PH and remove the reaction media 
and impurities. Composite samples were dried in oven at 80 C for 24 hours and 
sintered for 3 hours at 700°C. Characterizations.

XRD spectra were recorded for all the samples in two thetas range from 10 to 70, 
on the pellet samples. Both the permeability and permittivity of our samples were 
measured by Agilent RF Impedance-Material analyzer (moel-E4991A), over the 
entire range from 1 MHz to 3GHz, with using 16453A test fixture for permittivity 
and 16454A for permeability on normal and torrid samples, respectively.

3. Results and discussion

3.1 Phase analysis of composites

Ferrite nano composites samples were analyzed by X-ray diffraction to study the 
structure and phases of the obtained samples. The obtained XRD spectra of all the 

Figure 3. 
Digital TV receiver contains Mn-ferrites deflection yokes [15].
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samples maybe seen in the Figure 4. The corresponding planes (531), (440), (511), 
(422), (400), (222), (311), (220) and (111) have observed in all the samples, which 
confirm the successful formation of ferrite structure. Presence of graphene can 
be seen only in 1% graphene doped sample at 28 degrees two theta, while in other 
samples graphene amount were not enough to be reflected in the XRD spectra.

3.2 Electrical characterization

The microwave composed of two perpendicular magnetic and electrical vectors 
[21], as shown in Figure 5.

So efficient absorption can only be achieved by canceling both the electrical and 
magnetic components of it. When we use some media for microwave absorption, 
it should be capable of opposing both these perpendicular vectors. Here we want 
to study the absorption of microwave by incorporating electrically conducting 
graphene sheets into magnetic (cobalt ferrites) matrix.

3.3 Real permittivity and permeability

The behavior of frequency dependence of the real parts (ε´ and μ´) of permittivity 
and permeability for cobalt ferrites (S0) and its composites with different loading of 
graphene (S1, S2, S3) at room temperature is shown in Figure 6. As is clear from this 
study that all the samples exhibit frequency dependency for both permittivity and 
permeability in the low frequency range which become independent of frequency at 
higher frequency and shows consent behavior with respect to it. The variation of ε´ 
with respect to change in composition may be explained by Maxwell-Wagner theory 
of space charge polarization [22]. Due to the inhomogeneous structure composed of 
good conducting grains and poor conducting grain boundaries of dielectric materials 

Figure 4. 
XRD spectra of graphene based cobalt ferrites nano composites prepared by facile co-precipitation route. S0 
is pure ferrite while S1, S2 and S3 refers to the appropriate amount of GO loading of 1%, 0.5% and 0.1% in 
ferrite matrix.
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space polarization occurs. In more detail the electrons are approaching to the grain 
boundaries passing through the conducting media within the grain by hopping, piled 
up along the boundary lines and produced polarization [23].

When the applied field frequency is increased the probability of electron 
approaching towards grain boundaries decreases and hence dielectric constant 
also goes down. For composite samples the lower curves are due to the conduct-
ing graphene sheets in between the cobalt ferrite particles, which tend to decrease 
polarization due to conduction of charges along these conducting sheets.

3.4 Complex permittivity and permeability

Complex spectra for permittivity and permeability are taken for all the com-
posites and pure cobalt ferrites samples in the frequency range up to 100 MHz are 
shown in Figure 7. Both imaginary parts of permittivity and permeability refer to 
the energy loss from the material to the electric and magnetic field respectively [24]. 
For permittivity the complex portion is highly dependent on the frequency of all the 
four samples and decrease rapidly with increasing frequency which becomes less 
dependent after 50 MHz if we compare the response of cobalt ferrites to its compos-
ite samples, it can be seen from the Figure 6. That at the start composites samples 
has higher loss than the pure ferrites while going at higher frequency the loss became 
higher for ferrite sample comparable to all other composites. Although there is some 
gap in the response of ferrites and composite samples but it is negligible and hence 
we can assume that no major affect is there in ferrites loss to electric field due to 
graphene incorporation. This decrease may be due to the presence of comparatively 

Figure 5. 
Schematics for the demonstration of electromagnetic wave propagation and its various vectors.

Figure 6. 
Real part of permittivity and permeability of Co nanoferrite and composites samples in the frequency range of 
1 MHz to 100 MHz.
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Figure 8. 
Microwave absorption curves of cobalt and RGO samples with thickness 1.9 ± 0.1 mm.

low magnetic and dielectric graphene sheets [25]. Considering the spectra of 
complex permeability with respect to frequency as shown in Figure 7. We have some 
oscillating response from the zero mean point at lower MHz for all the composite 
samples which became stagnant at higher frequency. While cobalt ferrite has some 
rapid decrease and then became independent of higher frequency. The oscillatory 
response of composites is due to the presence of ferromagnetic nature of graphene 
sheet in cobalt ferrite matrix, at the start due to low incident frequency the magnetic 
field is not reflected hence negative values are recorded for loss of magnetic field by 
the samples. At higher frequency the ferrite response is dominated and goes up to 
some higher value then comes down and became linear in further frequency range. 
But again the overall response to magnetic loss is the same for all the four samples.

3.5 Microwave absorption

The reflectivity curves in the frequency range up to 3 GHz for RGO and 
cobalt ferrite samples are shown in Figures 8 and 9, with nearly equal thickness 
(1.9 ± 0.1 mm).

Figure 7. 
Complex parts of permittivity and permeability of Co nanoferrite and composite samples in the frequency 
range of 1 MHz to 100 MHz.
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Maximum absorption peak is reached at nearly 250 MHz at the value up to 9 
db, while for ferrites we have greater absorption peak up to 13 db at very higher 
frequency (2GHz).Absorption spectra of composites samples are shown in 
Figure 9. It is clear that the position and value of absorption peak is not much 
displaced due to less percent doping of graphene (1%) but is very interesting that 
parent cobalt ferrite absorption peak is changed into a band of small peaks of 
nearly equal values.

Moreover as the doping of graphene is increased this band became widen. The 
reason behind is that single point maxima is converted to band of noise due to 
inhomogeneity and combine effects of electric (due to graphene), and magnetic 
dielectric nature (due to cobalt ferrites). So it is finally concluded that graphene 
based cobalt ferrites composites may be a potential candidate for microwave 
shielding.

4. Conclusion

In this study we have reported the cobalt ferrites nanocomposites embed-
ded with graphene nanosheets, prepared by co-precipitation method. Various 
doping of graphene from 0.1% up to 1% were applied within the cobalt ferrite 
structure to study its microwave and mechanical effects on the nanocomposites. 
Microwave absorbing capacity of these samples was studied by Agilent network 
analyzer in low frequency band of microwave (1 MHz to 2 GHz), Results reveals 
that graphene incorporation not only improved the absorption capacity of 
cobalt ferrites(13 dB-17d), but also widened its maximum absorption peak. This 
change was supposed to be due to inhomogeneity and combine effects of electric 
(graphene), and magnetic dielectric nature (cobalt ferrites). We revealed that 

Figure 9. 
Microwave absorption curves of Co composites samples with thickness 1.9 ± 0.1 mm.
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both the electrical properties and conductivity of cobalt ferrites is improved by 
imbedding very small amount of graphene nanosheet. Along with improving 
mechanical properties the graphene also widened the microwave absorption 
band. So, it is concluded that graphene based ferrites composites may play a vital 
role for microwave shielding applications.
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Abstract

The present chapter summarizes the synthesis and characterization of Zinc 
Copper (ZnCu) ferrites due to their wide range of applications in many areas. ZnCu 
ferrites are soft magnetic materials that have exceptional electrical, magnetic, and 
optical properties. ZnCu ferrites possess high resistivity, permeability, permittivity, 
saturation magnetization and low power losses, and coercivity. The above features 
of ZnCu ferrites find application in designing transformers, transducers, and 
inductors. Ferrites are also used in magnetic fluids, sensors, and biosensors. Apart 
from these advantages, they play a vital role in practical appliances like mobile, 
laptops, mobile chargers, refrigerators, washing machines, microwave ovens, 
printers, and so on. Therefore, the present focus is on the literature of techniques of 
the synthesis, their characterization, the effect of doping on the behavior of ZnCu 
ferrite, and, finally, their potential application in technology.

Keywords: spinel, ferrites, magnetic, surface morphology, synthesis techniques

1. Introduction

A ferrite is a ceramic material that is made up of iron oxide(Fe2O4) in massive 
proportion mixed with a metallic element such as barium (Ba), manganese (Mn), 
nickel (Ni), zinc (Zn) in small proportions [1–9]. The nature of iron oxide and the 
metal is electrically non-conducting and ferrimagnetic. Ferrimagnetic materials pos-
sess unequal opposing magnetic moments which help to retain spontaneous magne-
tization. Ferrites are generally classified into two types: hard ferrites [10, 11] and soft 
ferrites [12–15]. Hard ferrites have a high coercivity to magnetize. These materials 
are used in making permanent magnets which find application in the loudspeaker, 
washing machine, communication systems, switch-mode power supplies, dc-dc con-
verters, microwave absorbing systems, and high-frequency applications [16–23]. On 
contrary, soft ferrites have low coercivity as a result of which their magnetization can 
easily be altered. Soft ferries are good conductors of the magnetic field which paved 
the way in developing transformer cores, high-frequency inductors, and microwave 
components [24–38]. Further, soft ferrites include high resistivity, low cost, temper-
ature stability, low loss, and high permeability [39–42]. The most significant soft fer-
rites are ZnCu ferrites with high permeability and saturation magnetization [43–49]. 
Properties of these nanomaterials can be modified by substitution of diamagnetic or 



Ferrites - Synthesis and Applications

112

paramagnetic cations and their distribution in the spinel structure which alters the 
grain sizes, distribution, and surface morphology. The attribution of ZnCu ferrites 
is dependent on the synthesis methods and concentration of doping [50]. Cu-Zn 
spinel ferrites possess excellent magnetic behavior that depends on the concentra-
tion of Zn2+ ions in CuFe2O4. The large saturation magnetization (Ms), high initial 
permeability, and high resistivity of Cu-Zn ferrites make them a prominent material 
in electrical switches, memory devices, inductors, and antenna cores [51, 52]. Cu2+ 
has one unpaired electron, and Zn2+ has no unpaired electron. So, the replacement 
of Cu2+ ion by Zn2+ ion enhances the strength of magnetic ions participating in the 
exchange interaction. Moreover, the substitution of Zn2+ in place of Cu2 + changes 
the cation distribution and arrangement in the spinel structure. So, it is interesting 
to study the effect of Zn2+ substitution on the magnetic properties of Cu-ferrite 
nanoparticles. Moreover, Zn2+ substitution with higher concentration stabilizes the 
cubic phase of Cu-ferrite. The importance of Zn-Cu ferrites based on a comprehen-
sive review is summarized.

2. Purpose of the review

The prime motive of the review is to focus on the synthesis and characteriza-
tion methods of ZnCu ferrites. The subject of magnetic nanostructures is wide, 
and several articles are published. The ZnCu ferrites, constitute a special niche of 
nanoparticles because of the attraction of the scientific community towards soft 
ferrites. In addition, the study discusses the choice of techniques for synthesiz-
ing ZnCu ferrites by demand. The synthesis techniques such as the sol–gel [53], 
co-precipitation [54], a conventional ceramic technique [55–57], a hydrothermal 
method [58], citrate precursor [59], and microemulsion [60] for the synthesis of 
ZnCu ferrites are discussed.

3. Morphology of ZnCu ferrites

The spinel structure [61]. of ZnCu ferrite consists one major unit cell composed 
of 8 sub-unit cells having face-centered cubic (FCC) structure with two types of 
sites in each unit cell i.e. tetrahedral (A) site and octahedral (B) site. There are 64 
tetrahedral interstitial sites and 32 octahedral interstitial sites. Spinel structure has 
closed packed oxygen atoms arrangement in which 32 oxygen atoms form a unit 
cell. Tetrahedral (A) sites are surrounded by four nearest oxygen atoms and octahe-
dral (B) sites have six neighboring oxygen atoms. In ZnCu spinel ferrite lattice, Zn 
ions are on the tetrahedral sites while Fe and Cu ions occupy both tetrahedral and 
octahedral sites. Due to this spinel structure, different metallic ions can be added 
which brings out a change in the electric and magnetic properties of ferrites. The 
metal ions introduced may enter the spinel crystal lattice by replacingFe3+ ions and 
leading to aggregation of these ions on the grain boundary. These morphological 
features of ZnCu ferrite nanoparticles can be tuned to a larger extent to fulfill the 
application and to select the appropriate synthesis and characterization techniques. 
To learn the merits of ZnCu ferrites for various applications, the knowledge of dif-
ferent synthesis and characterization techniques is a must.

3.1 Synthesis methods to prepare ZnCu ferrites

There are two approaches to synthesize nanoparticles: top-down and bottom-up. 
In top-down, the bulk materials are broken down to get nanosized particles. This 
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method has many shortcomings which include the presence of impurities, crystal 
defects, usage of metal oxides, the requirement of high temperature, products 
are inhomogeneous, broad size distribution, and flaws in surface structure. In the 
bottom-up approach, small atomic building blocks fuse to produce nanoparticles. 
This is the most conducive method for synthesis as the products are homogeneous, 
highly pure, and reveals narrow size distribution.

Various synthesis techniques are used to prepare ZnCu ferrite nanoparticles such 
as the sol–gel method [62], spray pyrolysis process [63], co-precipitation method 
[64], citrate precursor method [65]. By doping other elements or oxides the struc-
tural, electrical, and magnetic properties of ZnCu ferrite can be improved, leading 
to an increase in saturation magnetization and a decrease in coercivity in the soft 
ferrites.

3.1.1 Co-precipitation method

Co-precipitation [66, 67] is an easy and conventional method to synthesize 
nanomaterials. The ferrites prepared using this method are of controlled size, 
highly pure, and have a homogeneous structure. Normally inorganic salts (nitrate, 
chloride, sulfate, etc.) are used in this method as promoting substance that is 
dissolved in water or another medium that is suitable to form a homogeneous solu-
tion. The pH of the solution is adjusted to 7–9 and the solvent is evaporated to get 
nanoparticle precipitates. It should be observed that the concentration of salt, tem-
perature, rate of change in pH are the parameters that determine the crystal growth 
and aggregation of the particles. After precipitation, the solid mass is collected and 
washed. By heating the residue the resultant product is dried to form hydroxides. 
The hydroxides are then transformed into crystalline oxides by calcination. Gautam 
et al. [68] used co-precipitation method to synthesize ZnCu ferrite. In this method, 
Copper chloride, zinc chloride, iron(III) chloride, and sodium hydroxide are used 
as raw materials. 3 M solution was prepared in 60 ml of distilled water which is 
mixed with boiling NaOH and stirred for 60 min between temperature 353–358 K 
using a magnetic stirrer, maintaining the pH between 11 and 12. The precipitates 
are allowed to settle down and then the sample was washed many times with 
distilled water. After washing, the sample was dried in hot air followed by crushing, 
and finally powdered with a mortar pestle A. C. Prabakar et.al [69] also synthesized 
ZnCu ferrites by the chemical co-precipitation method by taking a solution of 
Cu(NO3)2.4H2O, Zn(NO3)2H2O, and Fe2(NO3)3.9H2O as the initial materials. 
These were mixed to form a homogeneous solution at 358 K. Then, ammonia solu-
tion was added dropwise with constant stirring maintaining the pH between 10 and 
11. The mixture was heated at 353 K for 1 hr. After washing and drying the ferrite 
powder was heated at 673 K, 773 K, and 923 K separately and pressed in the form 
of circular pellets. Precipitates were washed many times and then dried in an oven 
at 100°C for 8 hr. The co-precipitation method has a unique advantage as it uses the 
aqueous medium for synthesis. There is an effective grain size control and morphol-
ogy of the nanoparticles obtained.

3.1.2 Sol–gel method

The sol–gel method [70, 71] is a promising approach used for the preparation 
of ferrite nanomaterials. Sol is a colloidal suspension of solid particles of ions in 
a solvent and gel is a semi-rigid mass that forms when the solvent from the sol 
starts evaporating and the particles left behind join together. The resultant is in the 
form of colloidal powder or films. This method is appreciable due to the controlled 
microstructure. The final particles formed are of uniform and small size. Also, this 
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technique of synthesis is economical and it is achievable at low temperature. The 
temperature conductivity was observed to be higher than pure ZnCu ferrite. There 
was a declination in the dielectric constant with an increase in nickel concentration. 
This method is advantageous because it is less time-consuming. The prepared ferrite 
consists of a pure cubic spinel structure.

3.1.3 Combustion method

The combustion process is an effective and low-cost method to synthesize 
nanomaterials. This process is simple, versatile, and fast for nanomaterial prepa-
ration. The salient feature of this method is, it requires less time and energy 
during the synthesis. The nanoparticles produced are pure and homogeneous. 
Researchers synthesized ZnCu ferrites by using this method [72, 73]. Copper nitrate 
[Cu(NO3)2.6H2O], zinc nitrate [Zn(NO3)2.6H2O], iron nitrate [Fe(NO3)3.9H2O] 
were taken in appropriate proportions and urea [CO(NH2)2] was used as a reducing 
agent in this process. A solution is formed by adding these materials in deionized 
water and heated at 480°C in air. Then, it is ignited within 5 s with a flame tem-
perature of ~1600°C. The combustion technique is doping with other elements to 
decrease the lattice parameter, which reflects the fact that the ions of dopants get 
trapped at the grain limits. They hinder the development of grain and may cause 
an increase in strain on the grains that leads to a decrease in lattice parameters. The 
fuel chosen has a very vital impact on the ZnCu ferrites prepared. The fuels that are 
preferred in this method are urea and glycine, by which uniform nano ferrites with 
controlled stoichiometry are obtained.

3.2 Spectroscopic characterization

The characterizations of ZnCu ferrites are studied with an X-ray diffractometer, 
scanning electron microscopy [74–76]. The magnetic properties of the ferrites 
are studied by vibrating sample magnetometer (VSM), magnetization hysteresis 
(M − H) loops [77], and electron spin resonance (ESR) hysteresis loop measure-
ments. The X-ray investigation is carried with an X-ray diffractometer with CuKα 
radiation (λ = 1.5405 Å). Many techniques are used to determine the shape, size, 
and morphology of magnetic nanoparticles such as XRD, SEM, TEM, HRTEM 
(High-resolution transmission electron microscopy), and FESEM (Field emission 
scanning electron microscopy). By using HRTEM we can get information about 
shape, size, crystallinity, and lattice spacing. XRD is used to determine the size by 
using the Scherrer equation. However, SEM is effective because the size of very 
small magnetic nanoparticles is determined.

3.3 XRD analysis

The crystalline structure of the Zinc copper ferrite as prepared and annealed at 
500°C and 600°C are shown in Figure 1. All the diffraction peaks can be registered 
to the standard Zinc copper ferrite with the cubic spinel structure and the reflec-
tion peaks match adequately with standard data (JCPDS 82–1042). This indicates 
the synthesized nanoparticles have an Fd3m space group and indicating a high 
degree of purity. The average crystallite sizes, D, are calculated from the (311) 
peaks through Scherrer’s formula around 32 nm. It is observed that the sample 
Zn1-x CuxFe2O4 crystallized in cubic structure and the lattice parameter is found 
to be 8.355 Å, which is less than the values reported for bulk compounds [78]. 
The crystallite size of ferrite nanoparticles is in the range of 2.3–11.8 nm and the 
average crystallite size and lattice constant were found to be 6.52 nm and 8.443 Å 
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respectively. Thomas Abo Atia et al. [79] studied the effect of sintering tempera-
ture and observed that the average crystallite size was found to increase with an 
increase in sintering temperature i.e. from 35 nm to 45 nm. Shwetambaram et al. 
[80]. Crystallite size was calculated and found to be of 7.74, 10.80, 11.58, 12 nm 
for x = 0.00, 0.25, 0.50, 0.75 respectively. Anuj Jain et al. [81] observed that the 
crystallite size of the composite ferrites increases on increasing the Cu concentra-
tion. This is due to the decrement in the densities of nucleation centers in the doped 
samples which result in the formation of larger crystallite size. S B Kale et al. [82]. 
The value of crystallite size was 24.17 nm indicates the nanocrystalline nature of the 
prepared samples. A. Subha et al. [83] observed from grain size calculated using 
Scherrer’s formula applied to the most intense peak shows similar grain size was 
30 nm. A. Tony Dhiwahara et al. [84] have indicated in the XRD patterns, the linear 
change in peak width was reflected in a linear decrease in crystallite size from 19.37 
to 15.21 nm with an increase in Zn content in the host sublattice of CuFe2O4. This 
is mainly because of the replacement of smaller Cu2+ ions (0.72 Å) by larger Zn2+ 
ions (0.74 Å) [85, 86]. In addition, as the ionic radius of Zn2+ is larger than the 
ionic radius of Cu2+, the Zn2+ substitution leads to a larger expansion of the lattice. 
Consequently, the lattice parameter increases more when compared to the Cu2+ 
substitution in the synthesized particles. Since ionic radius of Fe2+ (0.74 Å) ion 
is larger than Fe3+ ion (0.64 Å), the lattice constant increases [87]. Nonmagnetic 
transition metal ions Zn2+ and Cu2+ ion prefer octahedral sites whereas Fe3+ ions 
prefer both tetrahedral and octahedral sites. The characteristics peaks correlate 
with the ferrite particles and show the phase group Fd3m and spinel structure hav-
ing a single phase. Hence, it is concluded that the ZnCu ferrites have a single-phase 
spinel cubic structure with an Fd3m phase group. However, some deviation in the 
structure can be observed because of doping.

3.4 Morphological structure

Various techniques such as TEM, and SEM, etc. are used to investigate the 
morphological structure of the ferrite nanoparticles. TEM is preferred because 

Figure 1. 
XRD patterns of zinc copper ferrite nanostructures as prepared, annealed at 500°C, and 600°C.
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of its resolution. From the typical SEM analysis, morphological characteristics 
of Zinc copper ferrite nanoparticles annealed at 600°C are shown in Figure 2(a). 
They show the formation of multigrain agglomerations consisting of fine crystal-
lites with irregular shapes and sizes. Ferrite powders possessed a coarse structure 
with crystalline microstructure with an average grain size homogeneous is about 
50 μm obtained from SEM images. This is larger than the size of nanocrystals 
calculated using the XRD measurements, which helps to understand that the 
grains are formed by aggregation of several nanocrystals. The samples are irregu-
lar shapes and sizes, and the cohesion of grains is due to the magnetic attraction. 
A drastic difference in microstructure of the annealed at 600°C products indi-
cated that the substitution of metal ions like Zn, and Cu on the surface of this 
microstructure.

EDX analysis confirms the stoichiometric proportion of Zinc copper fer-
rite nanoparticles annealed at 600°C and also the percentage proportion of the 
constituent elements is shown in Figure 2(b). The elemental weight proportion 
percentage is presented in the tables of weight and atomic percentage propor-
tions, the constituent elemental proportion, and the ratios are in agreement 
with the expected elemental proportion and the oxygen (O) and iron (Fe) being 
with the highest peaks in all of the samples [88]. Typical EDX analysis reveals 
the existence of elements of Zn, Cu, Fe, and O. As portrayed in Figure 3(a), 
HRTEM micrographs also confirm the particle size of ZnCu ferrite nanoparticles 
annealed at 600°C. The average crystallite size is around 8.38 nm. HRTEM 
analysis reveals that the particles are nearly spherical. The average crystallite size 
estimated from the HRTEM image falls in line with the observed values from 
powder XRD results. From Figure 3(b), the HRTEM image of individual Zinc 
copper ferrite nanocrystal indicates that the interplanar distance is 0.26. In the 
SAED (Figure 3(c)) image of annealed at 600°C Zinc copper ferrite nanopar-
ticles, the diffraction rings coincide with standards powder XRD diffraction 
data that confirms good crystallinity. The observed crystallographic d values of 
2.52 Å correspond to the lattice space of the (311) plane of the Zinc copper ferrite 
system. The observed crystallographic d values agree well with those obtained 
from powder XRD analysis.

Figure 2. 
Images of zinc copper ferrite nanostructures annealed at 600⁰C (a) SEM (b) EDX analysis.
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3.5 FT-IR analysis

FT-IR stands for Fourier transform Infrared, the method that is used for infrared 
spectroscopy. Some of the IR radiation is passed through a sample is absorbed by the 
sample and few are transmitted. The resulting spectrum represents the molecular 
absorption and transmission, creating a fingerprint of the sample. Figure 4 shows 
the typical FT-IR spectra of Zinc copper ferrite nanostructures recorded between 
4000 and 400 cm−1. In the range of 1000–400 cm−1, two main absorption bands 
of ferrite are appearing. The absorption band υ 1 = 580 cm−1 is assigned to the 
stretching vibration of tetrahedral complexes (Fe3+-O2−), and the absorption band 
υ2 = 400 cm−1 is attributed to the octahedral complexes (Fe3+-O2−). The peak inten-
sity of υ 1 decreases with increasing Cu2+ contents, while the position band is shifted 
to lower frequencies. Synchronously, the intensity and position of υ 2 changed 

Figure 3. 
Image of zinc copper ferrites nanostructures annealed at 600⁰C, (a) HRTEM (b) inter.

Figure 4. 
FT-IR spectra of zinc copper ferrite nanostructures annealed sample at 600⁰C.
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slightly with x. Similar results are observed in Zinc copper ferrite nanostructures 
prepared by the sol–gel combustion method [89, 90]. The difference in band posi-
tion of υ1and υ2 can be related to the difference in Fe3+-O2 bond lengths at A sites 
and B sites. It was found that the Fe-O distance at A sites (1.89 Å) is smaller than 
that of the B sites (2.03 Å) [91, 92]. When Zn2+ ions are replaced by Cu2+ ions, due 
to charge imbalance some Fe3+ ions shift from A sites to B sites, making the Fe3+-O2 
stretching vibration greater in the B domain. So the decrease in peak intensity of υ 1 
with increasing Cu2+ content is mainly attributed to the change in Fe3+-O2 bands.

3.6 Magnetic properties

The most effective technique for analyzing the magnetic properties of ferrite 
nanoparticles are VSM (vibrating sample magnetometer), magnetization hysteresis 
(M − H) loop. One can find saturation magnetization, remanent magnetization, and 
coercivity by using these characterization techniques. The interior of the magnetic 
substance is normally divided into several domains, as the external magnetic field 
increases the domain walls may move and the magnetic field rotates within domains, 
resulting in a single-domain state. The magnetization saturation is attained if the 
magnetization axis and the external magnetic field direction are similar. The spontane-
ous magnetization (Ms) was obtained by extrapolating the high-field part of the loop to 
the zero applied field [93–97]. A similar variation of magnetization of ZnCu ferrite with 
the increase in Zn2+ concentration up to a particular x value has been reported in the lit-
erature [98–100]. Najmoddin et al. [101] observed the highest Ms. value of 52 emu/g at 
room temperature for x = 0.25 in ZnCu nanoferrites prepared by wet chemical method. 
Retentivity is the value of magnetization that is retained in the absence of an induced 
magnetic field. Coercivity is defined as the caliber of a ferromagnetic material to with-
stand an external magnetic field without demagnetizing it. In the case of a ferromag-
netic material, it is defined as the intensity of the applied magnetic field that is required 
to reduce the magnetization to zero after the saturation state. The materials which have 
high coercivity are called hard materials and one with a low magnitude are soft materi-
als. Hard materials are preferred for making permanent magnets whereas soft materials 
are used for making transformers, inductor cores, and microwave devices.

Figure 5 shows a typical hysteresis loop of all the Zinc copper ferrite nano-
structures compositions which are annealed at 600°C. By using a vibrating sample 
magnetometer, the measurements of magnetization for all the compositions were 
carried out under the applied magnetic field of range ± 10 k Oe at room tempera-
ture. It is observed that the magnetic properties such as saturation magnetization 
(Ms), remanent magnetization (Mr), and coercivity (Hc) values are closer to 
the values inscribed in the literature. [102–106]. The structure of spinel ferrite is 
ferrimagnetic, the magnetic moments of A and B sites are coupled antiparallel to 
each other. Since there are doubly filled B sites, the net magnetic moment is the 
difference between the two sites. The magnetization behavior of spinel ferrite can 
be understood in Neel’s model [107, 108]. The composition of Zinc copper ferrite 
nanostructures and cation distribution among the A and B sites will to a large 
degree, influence the magnetic properties of samples. According to this, in any 
ferrite, the magnetic order of tetrahedral clusters (A-site) and octahedral clus-
ters (B-site) was found to be anti-parallel to each other. In this, the A-A and B-B 
superexchange interaction was predominated by the A-B superexchange interac-
tion. According to Neel’s model, the net magnetic moment of the composition per 
formula is expressed as:

 ( ) ( )B AM x –M x ,Bµ =   (1)
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where MB and MA are the magnetic moments of B and A sublattices respectively.
The squareness ratio or remnant ratio (Mr/Ms) of a material is one of the 

important characteristics which depends on its anisotropy. The values of the 
squareness ratio represent the random arrangement of uniaxial particles along 
with the cubic magnetocrystalline anisotropy [109, 110]. In the study, the 
squareness ratio of pure ZnCuFe2O4 is 0.54, at room temperature. And it has 
been observed from the literature that the squareness, indicates the presence of 
non-interacting single domain particles with cubic anisotropy in the respective 
compositions [111].

The values of Bohr Magneton (μB) of these samples were also evaluated by using 
the following Equation.

 MsMw
5585

Bµ =  

Where Mw is the molecular weight of the sample and Ms. is saturation 
magnetization.

5585 = β × N [β is Conversion factor (9.27 × 10–21); N is Avogadro’s number].
It is observed that the value of Bohr Magneton is 1.56. One can adapt the composi-

tion of ferrite materials by squareness ratio (S) for the development of new electro-
magnetic materials and as per the need of the hour [112]. In the present work, the 
variation in the magnetic properties of Zinc copper ferrite nanostructures is obtained.

4. Photocatalytic degradation

The magnetic material ZnCuFe2O4 with the spinel structure has been proven 
effective in the application of dye removal. The visible light exposes, excellent pho-
tochemical stability. ZnCuFe2O4 has grabbed massive attention in the conversion 

Figure 5. 
Magnetic hysteresis loops for zinc copper ferrite nanostructures nanostructures annealed sample at 600⁰C.
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of solar energy and photochemical hydrogen production from water. Also, the 
ZnCuFe2O4 magnetic particles possessed intrinsic peroxidase-like activity, which 
could react with H2O2 to produce •OH. Zinc Copper ferrite is one of the most 
important ferrites. ZnCuFe2O4 nanoparticles were found to be photo-sensitive 
in the visible light region (1.92 eV) with exceptional photochemical stability 
which paves way for them to act as gas sensors and photocatalysts [113, 114]. 
Photooxidation and photoreduction refer to the initiation of oxidation and reduc-
tion reactions by light energy. When irradiated with light energy, an electron (e-) 
is excited from the valence band (VB) to the conduction band (CB) of the photo-
catalyst, leaving a photogenerated hole (h+) photogenerated electron and holes are 
capable of oxidizing/reducing adsorbed substrates. The ZnCuFe2O4 NPs promote 
a photocatalytic reaction by serving as agents for the charge transfer between two 
adsorbed molecules. The charge transfer at the semiconductor–electrolyte interface 
is followed by bandgap excitation of a semiconductor nanoparticle. At the later 
stage, the nanoparticle quenches the excited state by accepting an electron, either 
transferring the charge to another substrate or generating photocurrent [115]. In 
both cases, the sensitivity of the semiconductor is retained which describes it as 
photocatalytic.

The photo-degradation phenomenon of methylene blue by Zinc copper ferrite 
nanocrystal is evaluated and the observed absorption spectra are presented in 
Figure 6(a). It is clearly shown in the figure that the characteristic absorption 

Figure 6. 
Zinc copper ferrite annealed at 600⁰C under UV-light irradiation. (a) Absorption of MB solution during 
the photo-degradation (b) photo-degradation percentage (c) plots of ln[C/Co] versus irradiation time (d) 
photocatalytic mechanism of MB in the catalyst.
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peak of the methylene blue (MB) at about 664 nm decay gradually with an 
enhanced exposure time of 8 hours and almost disappears after the irradiation 
time. This indicates that the MB dye has almost degraded. The photocatalytic 
performance of the NPs is observed by plotted (C/Co) as a function of time 
for MB dye and the same is shown in Figure 6(b). The presence of Zinc copper 
ferrite nanocrystal emphasis the effective photo-degradation activity for MB, 
and no degradation of dye molecules was observed in the darkness. However, the 
Zinc copper ferrite sample exhibited 65% photodegradation. The variation of 
MB photo-degradation on the crystallite size of Zinc copper ferrite nanocrystals 
is shown in Figure 6(c). Further, it reveals that the degradation percentage 
of MB and their kinetics [116, 117]. Photocatalytic reaction mechanisms for 
oxidation of MB dye by Zinc copper ferrite are presented in Figure 6(d). Photo 
catalytic activities have been proved to advance by Zinc copper ferrite and it can 
be ascribed from the photo absorption spreading even up to the visible region, 
minimizing the electron–hole recombination rate.

4.1 ZnCu ferrites for ongoing COVID-19 pandemics

Nanomaterials are making a global impact on the health system and socio-
economic progress. Nanoparticles of ZnCu have unique physical and chemical 
features that can be coupled with the development of potential therapeutic drugs, 
nanomaterial-based antiviral sprays, anti-viral surface coatings, and drug delivery. 
The study emphasizes the choice of synthesis method which decides the size and 
charges tunability properties to the ZnCu ferrites. The size tunability ensures that 
a large amount of drug can be fused into anatomically privileged sites of the virus, 
while charge tunability would facilitate the entry of the drug into charged parts of 
the virus. In addition, biosensors for the early detection of viral strains such as the 
COVID-19 can also be developed with ZnCu ferrites. For instance, ZnCu ferrites can 
be used to develop Giant magneto resistance-based sensors which have been applied 
in virus detection, earlier [114].

5. Outlook

The synthesis of ZnCu NPs among the soft ferrites with high saturation 
magnetization, low retentivity, low coercivity, high initial permeability, narrow 
size distribution, attracted scholars towards the fabrication of these ferrites. 
Co-precipitation is the most suitable strategy to obtain fine crystalline size among 
all the techniques. The XRD pattern of the ZnCu ferrites has characteristic peaks, 
reveals the cubic spinel phase having an Fd3m phase group. The shape of the 
prepared ferrite is nearly spherical but some distortion may be observed after 
doping. FTIR spectra confirmed the spinel phase of the ferrite nanoparticles 
having tetrahedral and octahedral sites. ZnCu ferrites have a lot of applications in 
the field of biomedicine, electronics, and for making ferrofluids, etc. To enhance 
the application of ZnCu ferrite nanoparticles, continuous and effective studies are 
required. The electrical and magnetic properties of ZnCu ferrites can be improved 
by doping with other functional metals such as cobalt, zinc, copper, and can be 
tested for agricultural and electrical applications. The nanoparticles during the 
pandemic outbreaks, like COVID-19, can play a significant role in the develop-
ment of high contrast imaging dyes for viral strains in body fluids. ZnCuFe can 
also be preferred for developing nanomaterial-based medicines and therapeutics 
to serve the human community.
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