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Preface

Ferrites are ceramic materials composed of iron oxide mixed with small quantities of
one or more metallic elements, such as cobalt, nickel, zinc, manganese, strontium,
and barium. There are different types of ferrites, including spinel, garnet, ortho, and
hexagonal ferrites. The crystallography, structural, electrical, and magnetic proper-
ties of ferrites depend upon the fabrication, and chemical composition, as well as

the various heat treatments during the preparation of ferrites. Ferrites have unique
electrical and magnetic characteristics that are useful for a wide range of technological
applications, including refrigerators, air conditioners, microwave ovens, radio and
telecommunication devices, and computers.

This book includes chapters on the fabrication and study of various properties of
ferrites. They discuss the various applications of ferrites in different areas as well as
current and future challenges. All contributing authors are experts and active in their
respective research areas. Proper references are provided at the end of each chapter,
which direct readers to the best literature sources and help them obtain more details
about the topic.

I am grateful to all authors for their help in completing this project. I am also thankful to
the staff at IntechOpen for making this project possible. Furthermore, I am thankful
to the Publishing Process Manager Mr. Kristian Josic for his cooperation throughout the
publishing process. I hope that this book will advance and strengthen knowledge
about ferrites and their applications in different areas.

Maaz Khan
Pakistan Institute of Nuclear Science and Technology,
Islamabad, Pakistan






Chapter 1

Synthesis, Characterization and
Performance Evaluation of
Magnetic Nanostructured CoFe,O,
for Adsorption Removal of
Contaminant Heavy Metal Ions

Sumayya M. Ansari, Vikas Kashid, Bhavesh B. Sinha,
Debasis Sen, Yesh D. Kolekar and Chintalapalle V. Ramana

Abstract

Engineering magnetic cobalt ferrite (CFO) nanomaterials for environmental
remediation is difficult due to regeneration (without scarifying the magnetic proper-
ties), morphology with controlled size and shape, large-scale production, and ther-
mochemical stability. Water management globally has struggled to remove hazardous
heavy metals from water environments. We show an efficient, cost-effective, and
low-temperature way to make highly nanocrystalline, regenerated inverse spinel CFO
nanoparticles (NPs) and nanostructured CFO microgranules with improved magnetic
properties that could be used to remove heavy metal ions (Pb*?) from aqueous solu-
tions without harming the environment. Magnetic investigations for CFO NPs reveal a
saturation magnetization (Ms) of 3.09 pp/F.U. at 10 K, close to the expected value of a
perfect inverted CFO structure (3.00 pp/F.U.). For CFO microgranules, the Mg is 5.62
pp/F.U. at 10 K, which is much higher than the bulk counterpart and nearly twice that
of CFO NPs. Adsorption studies show that both magnetic adsorbents adsorb Pb*? ions
through a multilayer mechanism, as critically analyzed under the pseudo-first-order,
pseudo-second-order, Elovich, Bangham’s pore diffusion, and intraparticle diffusion
models. CFO NPs and nanostructured CFO microgranules achieved 97.76% and
77.02% clearance efficiency, respectively.

Keywords: cobalt ferrite nanoparticles, spray drying, hydrothermal, nanostructured
microgranules, heavy metal ions

1. Introduction

Inverse spinel cobalt ferrite (CoFe,O4) NPs feature extraordinary cubic
magnetocrystalline anisotropy (1.8—3.0 x 10° erg/cm®) and tunable electrical
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characteristics, making them the focus of ongoing scientific investigation and techno-
logical applications [1, 2]. The CoFe,04 NPs are studied experimentally for synthesiz-
ing, characterization, and applications in biomedical, electronics, memory devices,
catalysis, high-performance microwave absorbers, and magnetic resonance imaging
studies [3-10]. Magnetic CoFe,O4 NPS has currently grabbed the attention of the
scientific and research community for its beneficial applications in environmental
protection, particularly for contaminant and heavy metal ion adsorption [11-14].
Globalization, fast industrialization, urbanization, and population growth have pol-
luted water, air, and soil. Drinking clean water is the most practical issue. Most
chemical, electronics, and energy/power companies generate wastewater with haz-
ardous metal ions. Heavy metal ions are persistent water pollutants [15-17]. Water
pollution with hazardous metal ions (Cr3+, Ni%*, Co?*, Cu®*, Cd**, Ag2+, Hg2+, Pb%*
and As®") is a major environmental and public health problem [18]. Heavy metals
accumulate in the environment and cause heavy-metal toxicity. Thus, chemical,
physical, and biological techniques have been devised to reduce pollution [19]. Among
these processes, adsorption is one of the most widely used chemical processes for
removing heavy metal ions and is considered easy to operate and cost-effective [15].
Until now, many adsorbents have been used to remove heavy metal ions, [20-22] and
hence, the synthesis of novel adsorbents is of great interest in water treatment tech-
nology. These adsorbents are typically made of highly porous substances that provide
the required surface area for adsorption [23]. Ideal adsorbent characteristics include a
strong affinity for the target and a large surface area that provides numerous adsorp-
tion sites. Adsorbents should also be highly hydrothermally stable and highly resilient
to severe conditions [24]. Using magnetic nanoparticles (MNPs) as adsorbents is an
attractive option for overcoming the technical challenges for the reasons outlined
below: Magnetic separation is regarded as a rapid, simple, and effective method for
separating magnetic particles [25-28]. It has been used for mining ores, analytical
chemistry, and biology. As adsorbents, various magnetic materials may be used

[21, 25-28]. Due to their high chemical stability and modest saturation magnetization,
MNPs of CFO with a cubic spinel structure have been created and used for contami-
nant adsorption [29]. For instance, Li et al. [30] demonstrated that the functional
magnetic graphene sheets with CFO may adsorb methyl orange. Ai et al. [31] created
composites out of activated carbon and CFO to remove the malachite green color from
wastewater. In addition, Farghali et al. [32] prepared CFO/CNT composites for the
removal of methyl green dye from aqueous solutions; however, the material displayed
relatively poor adsorption capacity, perhaps as a result of the aggregation of CFO NPs
on the surfaces of CNTs and the poor interactions between the CNTs and the NPs.
More tweaking is required for magnetic materials to be more effective as absorbents.
Such adjustments are made to create low-cost biosorbents that are amenable to large-
scale pollution removal [33]. To the best of our knowledge, the preparation of mag-
netic CFO NPs, carbon-activated CFO composites, and surface-functionalized CFO
NPs have been reported in the literature, and many coworkers have studied their dye
and heavy metal ion removal from water [6, 20, 25-28, 30-32]. However, the quest for
more sustainable, less time-consuming, and reproducible methods for large-scale
synthesis is still being pursued. In this context, we have recently reported a simple
one-pot synthesis of magnetic nanostructured CFO granules via spray drying [34].
Spray drying as a method of processing is considered environmentally friendly due to
its utilization of low-cost reagents and aqueous conditions. Additionally, it is easily
scalable to industrial applications. Thus, we have prepared CFO of different sizes as
CFO NPs (CF1) and nanostructured CFO microgranules (CF2) and characterized both
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samples under identical conditions. Furthermore, we address the adsorption iso-
therms and kinetics studies of CF1 and CF2 to separate heavy metal ions.

2. Experimental
2.1 Sample preparation

The CFO NPs and CFO microgranules were prepared using hydrothermal [35], and
spray drying processes [34]. During the preparation, stoichiometric molar amounts of
Co(NO3),-6H,0 and Fe(NO3)3-9H,0 were added into DI water and stirred well. Then
pH of the solution was adjusted to 12 by adding ammonia solution (25%) and a homo-
geneous colloidal suspension was obtained at room temperature. For the synthesis of
CFO NPs, the colloidal suspension was treated under hydrothermal conditions at 180°C
for 24 h. The prepared particles were separated by centrifuge in the final solution.
Finally, black precipitates were dried in an oven at 100°C overnight and designated as
CF1. The colloidal solution, however, was made in the manner described above and
then spray dried in a laboratory spray drier (model LU-228-Labultima; Mumbai, India).
A compressed air spray nozzle created droplets between 10 and 20 um. The aspiration
flow rate was 45 m>/h, and the input temperature was controlled at 170°C. The feed
pump flow rate was controlled at 2 ml/min, and the atomization pressure was regulated
between 2 and 2.5 kg/cm®. As a further step, a glass cyclone separator was used to gather
the spray-dried powder. The spray-dried powder was dark and free-flowing. The pow-
der was then heated overnight at 400°C to produce CF2, a spray-dried CFO powder.

2.2 Characterization

Scanning Electron Microscopy (JEOL-JSM-6360) was utilized for morphology
investigations. The CF1 and CF2 powder samples were subjected to Transmission
Electron Microscopy (TEM) analyses using an FEI-Technai-G2-F30 microscope
equipped with a Schottky field emission gun. The powder size distribution was esti-
mated through micrograph image analysis utilizing Image-] software. A laboratory-
based facility was utilized to conduct Small Angle X-ray Scattering (SAXS) experi-
ments. The experiment involved the recording of scattered intensities I(q) as a func-
tion of the scattering vector transfer (q = (4nsin6)/))), where “20” represents the
scattering angle and “A” represents the X-ray wavelength (A = 0.154 nm) [36, 37]. The
distance between the sample and detector was maintained at approximately 1070 mm.
The powder samples’ X-ray diffraction (XRD) patterns were obtained using a Bruker-
D8-ADVANCE diffractometer. Determining lattice parameters was conducted
through the Rietveld refinement methodology utilizing the FULLPROF SUITE soft-
ware. After this, magnetic measurements were conducted utilizing the Quantum
Design Evercool II PPMS-6000 apparatus, whereby magnetic fields were incremen-
tally applied up to 90 + kOe at both 10 K and 300 K. The study conducted low-
pressure volumetric nitrogen adsorption-desorption measurements at a temperature
of 77 K, which was maintained by a low-temperature liquid nitrogen bath. The mea-
surements were carried out using an Autosorb iQ (Quantachrome Inc., USA) gas
sorption system, with pressure levels ranging from 0 to 760 torr. Outgassing was
executed under dynamic vacuum conditions (10-3 Torr) for 15 hours at a temperature
of 200°C until a stable weight was attained. The study employed N2 of ultrahigh
purity grade (99.999%), which underwent additional purification by utilizing calcium
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aluminosilicate adsorbents to eliminate minute quantities of water and other impuri-
ties before conducting the measurements. Ultra-pure helium gas (99.999% purity)
was utilized to conduct warm and cold free-space correction measurements for N2
isotherms. About 200 mg of samples were used for the test, and their weight was
recorded before and after outgassing to ensure that all moisture had been removed.

2.3 Adsorption experiments
2.3.1 Adsorption kinetic studies

Pb(NO3), was dissolved in DI water to make 20 mg/L Pb*? aqueous solutions. Fol-
lowing that, investigations into adsorption involved combining 20 mg of magnetic adsor-
bents with 50 mL of heavy metal ion solutions in an aqueous medium. The pH of the
solution was modified using standardized solutions of 0.1 M NaOH and 0.1 M HCI. The
dispersions obtained were subjected to magnetic stirring at room temperature, and the
temporal impact was assessed over a range of time intervals spanning from 5 to 300 min
(specifically, 5, 10, 15, 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 min). A volume
of 2 mL of solution was obtained, and the magnetic adsorbents were eliminated through
the process of magnetic separation. The quantification of the Pb + 2 ion concentration was
performed using atomic absorption spectroscopy (AAS) with a Varian Spectr AA-220
instrument. Egs. (1)and (2) were utilized to compute the quantities of metal ions
adsorbed per unit mass of the adsorbent and the corresponding removal efficiencies (R).

_ V(Ci - Ce)
9c = 1000 x S M
R= (%) x 100 ()

where C; and C, are the concentrations (mg/L) of the metal ions in the aqueous
solution before and after the adsorption period, respectively. V denotes the volume
(mL) of the aqueous solution, and S represents the amount of dry adsorbent used (g).

2.3.2 Adsorption isotherm studies

The present study investigated adsorption isotherm to examine the equilibrium
relationship between adsorbents and adsorbates. The study involved the acquisition of
adsorption isotherms of Pb*? on magnetic adsorbents, and this was achieved through
the dispersion of 20 mg of magnetic adsorbent into 30 mL of Pb*? ion solution, with
varying concentrations between 20 and 1000 mg/L at ambient temperature. The
dispersions were subjected to magnetic stirring under ambient conditions, and a
volume of 2 mL of the resultant solution was extracted after a duration of 30 minutes.
The magnetic adsorbents were extracted through magnetic separation, and the con-
centration of heavy metal ions was measured using atomic absorption spectroscopy.

2.3.3 Recovery and reuse

The magnetic adsorbents, loaded with Pb** (20 mg), were subjected to stirring
with a 0.1 M HCl solution (10 mL) at room temperature for a duration of 3 h to
facilitate desorption of the metal ions. The concentration of the metal ion in the
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aqueous phase was determined using AAS. Subsequently, the magnetic nanoparticles
(MNPs) were subjected to neutralization using a diluted solution of 0.1 M NaOH,
followed by a thorough rinse with deionized water. The colloidal magnetic adsorbents
were subsequently extracted through magnetic separation. The MNPs were then
subjected to further adsorption processes to assess their reusability. The magnetic
adsorbents were subjected to 5 cycles of adsorption and desorption.

3. Results and discussion
3.1 Morphology, microstructure, and crystal structure

The surface morphology of pristine CF1 and CF2 samples is shown in
Figure 1(a, b). Nearly spherical morphology with mean particle size (Dmean)
~19.84 nm and 111 nm, for CF1 and CF2, respectively, is evident from Figure 1.
The CF2 microgranules were made up of subunit entities. When the dimension is
reduced to the nanoscale, two effects are expected: (i) a significant increase in relative
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Figure 1.
Morphological study of CF1 (a) and CF2 (b) (inset shows particle size distribution), and Rietveld refined XRD
patterns for CF1 and CF2 samples (c).
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surface area and (ii) a significant increase in the number of atoms on the surface [38].
These effects enhance the chemical reactivity of the surface atoms of nanoparticles.
Therefore, at the nanoscale, the Vander Waals forces of attraction as well as the
magnetic force of attraction tend to increase, and subunit entities tend to attract each
other, resulting in the assembly of subunit particles in a regular or irregular manner
[38]. The size distribution (Figure 1(c,d)) for CF1 is observed to be symmetrical with
small polydispersity index (¢ < 0.25) compared to CF2 (¢ = 0.43), indicating that the
CF1 NPs are well confined to a limited diameter range which is desirable for practical
applications. Figure 1(c) shows the differences between calculated and observed XRD
patterns as well as the crystalline phases of CF1 and CF2. A Rietveld refinement was
carried out until the fitment produced a goodness factor () ~ 1. The Rietveld
refinement of XRD data confirms the single-phase cubic spinel structure of both
samples, which are devoid of impurities. The obtained refinement parameters,

the discrepancy factor (R,p), expected values (Rexp), and X2 for CF1 and CF2, are
(76.5, 66.20), (74.34, 64.31), and 1.06, in good accord with the reported parameters
for ferrite systems [1, 34]. The presence of intense diffraction peaks indicates that
both samples are crystalline. All peaks were indexed based on the structure of cubic
spinel ferrite (JCPDS card number 22-1086) with a space group of Fd3m (22 7).
However, the diffraction peaks of CF1 are relatively broad, which can be attributed to
its reduced crystallite size. The average crystallite size was estimated using the integral
width of the diffraction lines, Scherrer’s formula, background subtraction, and cor-
rection for instrumental broadening; For CF1 and CF2, the estimated values are
~20.05 £ 0.05 nm and ~ 26.41 £ 0.05 nm, respectively. The lattice parameters for
CF1 (8.385 A) and CF2 (8.373 A) differ marginally from one another and deviate
slightly from those of cobalt ferrite in bulk (8.394 A). This could be the result of nano-
size effects [1, 34]. The calculated X-ray density for CF1 and CF2 is 5.509 g/cm? and
5.314 g/cm?, respectively. Refinement of experimental data for CF1 demonstrates an
ideal inverse cation distribution as [Fe*?] e {Co**Fe*3} 0O 24, whereas CF2 deviates
from this ideal by transferring some Co*” cations to the tetrahedral A-site, and cation
distribution for CF2 iS, that iS, [Co+2(0.6875)Fe+3(0_3125)]Tet{Co+2(0_3125)Fe+3(1.6875)}oct

O %,. A detailed study of the structural and magnetic properties of both samples was
made by first-principles calculations and was reported in our earlier work [29].

The TEM micrographs of CF1 and CF2 samples are shown in Figure 2(a-d). CF1
results in a spherical shape with some cubic-like morphology, as shown in Figure 2a.
The average size of particles is ~16.11 nm (shown by the red circle and cube). The
high magnification image (Figure 2b) shows the CF1 samples are composed of small
NPs with a spherical shape. Most NPs have a size smaller than 10 nm (range of 5.0—
6.5 nm) (see inset of Figure 2b). These NPs are self-assembled in a spherical, close-
packed super-lattice due to the high degree of uniformity in diameter. On the other
hand, CF2 shows a quasi-spherical shape with cube morphology (Figure 2(c,d)). The
average size is 22 nm, and the magnified image shows the dominance of cube mor-
phology for CF2 (Figure 2d). The electron diffraction patterns shown in Figure 2(e,f)
obtained through the selected area electron diffraction (SAED) technique exhibit
diffuse rings that can be attributed to the (220), (311), (400), (511), and (440)
crystallographic planes of the CoFe,04 cubic structure. The manifestation of CFO’s
polycrystalline character is apparent through the existence of numerous diffraction
rings in the corresponding SAED patterns for both specimens. Note that the particle
boundary is well defined for both the samples and an isolated cube shows (inset of
Figure 2¢) more clearly a size of 16.77 nm. Figure 3(a-f) show HRTEM images of CF1
and CF2 samples, respectively. The clear lattice boundary in the HRTEM image
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Figure 2.
TEM images of CF1 (a, b) and CF2 (c, d) along with a magnified view (inset) with a scale bar of 5 nm and
SAED patterns of CF1 (e) and CF2 (f) samples.

0.312 nm

Figure 3.
HR-TEM images of CF1 (a—c) and CF2 (d—f).

illustrates the high crystallinity of both samples. The periodic fringe spacing of (0.253-
0.2256 nm), 0.22 nm, and 0.18 nm corresponds to the (311), (400), and (511) planes
of cubic CoFe,0, as observed for CF1 (Figure 3(a—c)). The periodic fringe spacing of
0.21 nm, 0.155 nm, 0.312 nm, 0.284 nm, and 0.25 nm corresponds to the (400), (044),
(022), (220), and (311) planes of cubic CoFe,0, as observed for CF2 (Figure 3(d-f)),
which matches with JCPDS card no. 22-1086.
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SAXS profile for CF1 (a), and CF2 (b) and the calculated size distribution are shown in (c), and (d).

3.2 Size and confined structure

The basic size of particles, morphology, and corelation of interlocked nanostruc-
ture in terms of structure factor can be well understood using SAXS analysis.

The SAXS profile for CF1 and CF2 are shown in Figure 4(a,b). It is observed that
the scattering profiles could be best represented by the following contributions:
3
Iem(q) =) Ii(q) 3
i—1

1

and

2
Iera(q) = Y 1iq) (4)
i=1
Here, “I,” denote the contribution to scattering intensity from “i™” component.
For an ensemble of interacting spherical particles, under local monodisperse approx-

imation, intensity can be written as: [37]

Iiq) = c,-j:qu,R) S(q, R) R*Dy(R) dR )
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Here, C; is a scale factor, Pi(q, R) and S; (q, R) signify the form factor and

interparticle structure factor for the “i™ component, respectively. Assuming the
spherical shape of particles with radius R, the form factor P (g, R) is expressed as [39]:

(6)

3sin (qR) — chos(qR)] :
(qR)’

« l-th 2

Pi(q,R) = [

D;(R) represents the size distribution of
normalized log-normal distribution: [40]

component and is assumed to be a

Di(R) = \/%R exp [~ [In (8, /207] @)

where N; represents the normalization factor, Ry and 6 (0 < ¢ < 1) represent the
median radius and polydispersity index for the i'" distribution, respectively. As the
magnetic attraction among the particles play a significant role, consideration of an
attractive potential was necessary during the detailed fitting procedure and mass
fractal type structure factor was considered for I5(q) and I,(q) contributions for CF1
and CF2, respectively. In such a case, S(q) can be represented as:

v 1.D[" ps sin (qr)
Si(q) =1+ 2 Jo P30 (r, &) 7@1’ rdr (8)
with cut — off function as : (7, &, a) = exp { <g> "] )

where 7-dimension of individual scattering objects, & (x;)- size of aggregate or cut-
off length for the fractal correlations, and D-fractal dimension (1 < D < 3). The model
scattering intensity, as mentioned above using Egs. (3) and (4), was fitted to the
scattering data for CF1 and CF2 using the nonlinear least square method. It was found
that the mass fractal model [41] could describe the present scattering profiles when
compared to the hard-sphere and sticky hard-sphere model [42]. For an attractive
potential, the intensity at low g increases because of the formation of aggregated
structure. Figure 4(c,d) shows the size distribution obtained from SAXS profile for
the CF1 and CF2 samples while the parameters derived are summarized in Table 1. It
is worth mentioning that the real space and scattering space are connected by Fourier
transform; thus, the region-I, II for CF1 and region-I for CF2 of the scattering profile
primarily contain information about large length scales. Similarly, region-III for CF1
and region-II for CF2 contains information about the structure and correlation at a

Sample Region Ry (nm) 6 (nm) 7o (nm) x; (nm) D A
CF1 1 8.33 0.20 1.37 4.50 224 2.95
11 3.03 0.25
111 1.15 0.17
CF2 1 4.35 0.25 3.98 15.15 2.25 227
II 1.54 0.25
Table 1.

Structural parameters obtained from small angle scattering experiments.
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smaller length scale (i.e., correlated nanoparticles and nano-meso-pores, etc.). In case
of CF1, the scattering model suggests that the CF1 NPs are composed of spherical
shape particles of median size R, ~ 8.33 nm with polydispersity index (¢) ~ 0.20
(region I). This is further evident in Figure 2(a), that is, TEM images of CF1. Fur-
thermore, region II and IIT shows the presence of spherical shape particles of

Ro ~ 3.03 nm and 1.15 nm with ¢ ~ 0.25 and 0.17, respectively. The values agree with
TEM data. The smaller value of ¢ manifests the monodisperse size behavior of NPs.
Furthermore, structure factor analysis shows that the NPs are composed of monomer
with radius ~ 1.37 nm, fractal dimension (D) is found to be ~2.24, which results in a
maximum size of ~4.50 nm. It is more clearly seen in the inset of image Figure 2b. In
the case of CF2, as discussed above, the high magnetization value of nanostructured
CFO develops strong magnetic attraction that results in stable microgranules. For CF2,
the scattering model fitted using Eq. (7) suggests that the basic CF2 sample is com-
posed of particles of mean radius ~4.35 nm with polydispersity index ~0.25. Note that
region I cover 80% of whole ¢ range and simultaneously, the interparticle structure
factor suggests the maximum aggregate size ~15.15 nm as seen in TEM analysis. The
remaining 20% of ¢ range suggests a mean diameter of 3.18 nm. However, the mean
size of microgranules as seen from SEM micrographs is Dyean ~ 111 nm and this
suggests that the limitation of accessible low “4” range in SAXS. However, SAXS
profile strongly suggests that the CF2 sample is nanostructured microgranules. More-
over, it was observed that characteristic dimension of individual scattering objects
(7o) and maximum aggregate size (x;) value is smaller (o ~ 1.37, x; = 4.50) for CF1
compared to CF2 (rg ~ 3.98, x; = 15.15). Note that the size obtained from TEM is well
agreed with the SAXS analysis.

3.3 Magnetism

Figure 5 shows the experimental magnetization (M-H) loops for CF1 and CF2
measured at 10 K and 300 K temperatures, and the magnetic parameters obtained are
enlisted in Table 2. The observed value of Mg at 10 K is ~73.69 emu/g (3.09 pg/F.U.)
and 133.79 emu/g (5.62 pp/F.U.) for CF1 and CF2, respectively. Considering the
formula [Co*z(l_x)Fe+3(x)]Tet{Co+2(X)Fe+3(24X)}oct0_24 to describe the cation distribu-
tion in the spinel structure of CFO and assuming that Fe>* and Co* ions have mag-
netic moment of 5 pug and 3 pg, respectively, and the inversion parameter is obtained to
be & ~ 0.97 and 0.345 for CF1 and CF2, respectively. This value of inversion parame-
ter indicates that the crystal structure of CF1 is very close to the inverse spinel and
non-stoichiometric inverse spinel behavior for CF2 sample. Notice that, for CF1, the
experimental Mg value is close to the theoretical value of ideal inverse CFO structure
(~3.00 pp/F.U.). For CF2, Mg is remarkably high compared to the bulk counterpart,
and almost double as compared to Mg value reported for CFO NPs [2, 3]. This
remarkable increased Mg value for CF2 may be attributed to the non-stoichiometric
cations (Fe*3, Co*?) distribution among the octahedral and tetrahedral sites as com-
pared to ideal spinel structure [Fe**]{Co"*Fe*>}O"? as predicted by the XRD analyses.

3.4 BET analysis

Notably, gas absorption (BET) techniques are appropriate for probing surface
areas in porous materials. As illustrated in Figure 6, N, adsorption-desorption iso-
therms were measured to ascertain the absorptive capacity of magnetic adsorbents for
gas absorption. According to the IUPAC classification observed for CF1 and CF2, the

10



Synthesis, Characterization and Performance Evaluation of Magnetic Nanostructured...
DOI: http://dx.doi.org/10.5772 /intechopen.1002349

(a) cF1 ——300K 80
—— 10k
60

(b) CF1 —— 300K

—— 10k “

40

20,

T T T T T T
190000 -60000 -30000 30000 60000 9000(

T
-8000

Magnetization (M_, emu/gm)

-80 4
Magnetic field (Oe)

Magnetization (M, emu/gm)

Magnetic field (Oe)

(c) CF2 |——10K
——300K| 120

(d) cF2 —— 10K
— 300K

T T T
30000 60000 90004 30‘00 BO’OO 90‘00

Magnetization (M_, emu/gm)

Magnetization (M, emu/gm)

Magnetic field (Oe) Magnetic field (Oe)

Figure 5.
M-H curve for CF1 (a, b) and CF2 (c, d) at 10 K and 300 K.

Sample Temperature Saturation Saturation Remanent Coercivity Squarness
(K) magnetization magnetization magnetization (Hc) (Oe) ratio
(Ms) (emu/gm) (Mg) (pg/F.U.) (M,) (emu/g) Mr./Ms
CF1 300 57313+ 0.287  2.407+0.012  5.966 + 0.030 109 0.104
(£ 0.109)
10 73.687 + 0.368 3.0954+0.015 48.608 £ 0.243 5575 0.660
(£ 5.575)
CF2 300 123.09 £+ 0.615 5170 £ 0.026  40.450 + 0.202 1410 0.329
(+ 1.410)
10 133.79 £ 0.669  5.620 £0.028  96.50 + 0.483 2118 0.721
(& 2.118)
Table 2.

Magnetic parameters obtained from M-H measurements at 10 K and 300 K.

N2 gas adsorption-desorption isotherm exhibits a type IV curve and an H3 hysteresis
loop. This behavior indicates that mesopores predominate [43]. The hysteresis of type
H3 reveals the random distribution and interconnection of pores. Because adsorption
and desorption isotherms exhibit distinct behaviors to the pore network at a relative
pressure of 0.45 (for N, at 77 K), these pore properties significantly influence the
desorption isotherm more than the adsorption isotherm. A BET surface area measure-
ment was performed to ascertain the prepared material’s surface area. Using the BET
multipoint method, the specific surface area of CF1 and CF2 was determined to be
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Figure 6.
BET hysteresis curve during adsorption and desorption for CF1 and CF2.

57.66 m?/g and 24.67 m*/g, respectively. Thus, both magnetic adsorbents are porous,
and it is noteworthy that the average pore size of CF1 is more significant than that of
CF2 (7.347 nm vs. 4.994 nm). It is evident that the specific surface area, pore avail-
ability, and affinity between the adsorbate and adsorbent significantly influence the
adsorption capacity, which indicates the presence of active sites for the absorption of
additional Pb*? ions.

3.5 Adsorption studies
3.5.1 Adsorption kinetics studies

Figure 7(a) shows the effect of time on the Pb*? ions concentration at room
temperature (RT) during adsorption experiments and it is seen that the Pb*? concen-
tration decreases with increasing time for the magnetic adsorbents. Although, Pb*?
concentration decreases with a relatively slow rate for CF2 compared to CF1. How-
ever, Pb*? concentration decreases rapidly, up to 3.70 mg/L within 90 mints compared
to initial Pb*? concentration (i.e., 20 mg/L) when CF1 was used for adsorption.
Whereas for CF2 a rapid decrease of Pb*? concentrations up to 13.40 mg/L was
observed within 30 mints compared to initial Pb** concentration as 20 mg/L.

Figure 7(b) shows the effect of time on the adsorption capacity of Pb*” at RT. In case
of nano-adsorbent, at the beginning (up to 90 min), the rate of adsorption is relatively
fast and further the rate increases gradually and finally slows down to attain equilib-
rium indicating a decrease in the number of available sites as the adsorption proceeds.
On the other hand, for CF2 the rate of adsorption was observed to be fast up to 30
mints and the adsorption capacity increases from 16.51 to 35.76 mg/g with a relatively
slow rate and then attains equilibrium. Moreover, the adsorption process reaches
equilibrium within 210 mints and 240 mints for CF1 and CF2, respectively. Figure 7
(c) depicts the time-dependent removal efficiency of Pb*? ions. Here, 50% of the Pb**
ions were completely absorbed in the first 30 min by CF1 compared to the initial
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Figure 7.
Effect of time on the Pb concentration (mg/L) (a), Adsorption capacity (q,) (b) and removal efficiency (R %)
(¢), during adsorption process for magnetic adsorbents.

concentration (20 mg/L) of Pb*? as the removal efficiency was observed to be 51.09%;
whereas CF2 attains 49.51% removal efficiency in 270 min. It is noticeable that the
maximum removal efficiency was observed to be 97.76% and 77.02% for CF1 and CF2,
respectively. And, the maximum adsorption capacity (e, cxp) Was observed to be
48.88 mg/g and 38.51 mg/g for CF1 and CF2, respectively. It demonstrates that the
adsorption capacity of CF1 is slightly more compared to CF2. This more adsorption
observed for CF1 could be attributed to the larger specific surface area of porous
adsorbents that offers the higher surface energy for adsorbing heavy metal ions. Since
adsorption is particle diffusion controlled, an increase in pore increases the number
of accessible sites, hence increases the amount of adsorbate (Pb*?) on the adsorbent
[44-46]. The effect of particle size on adsorption of the metal ions from aqueous
solutions has been reported [46] and our results are well agreed.

To understand the detailed adsorption mechanism, its kinetics are analyzed by a
few models based on the adsorption equilibrium. The experimental data were fitted to
the pseudo-first-order [47], pseudo-second-order [47], intraparticle diffusion,
Bangham’s pore diffusion, Boyd kinetic model, and Elovich models; these equations
are shown in Table 3.

Figure 8(a,b) shows the pseudo-first- and second-order kinetic model plot for CF1
and CF2, from which k,, k; and ¢ .. values are extracted and enlisted in Table 4. It
has been observed that for both the adsorbents, the correlation coefficient (R?) calcu-
lated using pseudo-second-order model, was found to be larger (0.9948 + 0.0058 and
0.9413 &+ 0.0058) than those observed for pseudo-first-order model (0.9541 + 0.145
and 0.9192 4 0.145). The experimental (¢e,exp) and calculated (ge,ca) values of g.
using pseudo-first-order model do not match with each other, whereas the values are
in good agreement with each other using pseudo-second-order for CF1. On the other
hand, the ge exp and ge ca1 values using pseudo-first-order and second-order-model
match with each other for CF2 absorbent. Thus, based on R? value, we can predict
that the overall adsorption of Pb** onto magnetic adsorbents followed the
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Model Linear equation Plot Calculated coefficient
Pseudo-first- log (qe - qz) log (qe) 2303 303 log (qe - q0) vs. Jez = ﬂlopex 2.030
Order a (t) qe - elntercept
Pseudo- ) _ 1 1 (t/gy) vs. (t) K = slopez/intercept
= (¢ t

second-order ” (q’) “ (q”) <kzq§) q. = slope™*
Intraparticle q, =kit™ +C (g) vs. ) K; = slope C = intercept
diffusion ©
Banghams pore ;o0 [ 10 G log (K1) + alog(t) log [log(Ci/Ci- a = slope
diffusion® /4 [ g (c,—mqt)} g (z 303V) g mg)] vs. log(t)  Kp = &Mt L D 0305 V/m
Boyd kinetic’ F=1- ”% exp (—B;) — _

B, = —0.4977 — In(1— F)
Elovich model/ q, = Pln(ap) + p(t) q. vs. In(t) B = slope

Intercept = fIn(ap)

“ "Where ky(mint) ™k, (g.mg “‘mint™?) ave the pseudo-first- and second-order rate constant and q, (mg/g) and q,
(mglg) ave the adsorption capacity of Ph*? onto adsorbent at equilibrium and at a given contact time t (min),
respectively.
°k;(mg/g.min"?) is the intraparticle diffusion rate constant and C(mg/g) is a constant that gives an idea about the
thzckness of the boundary layer.

G, is the initial adsorbate concentration in liquid phase, m is the weight of the adsorbent, q,(mg/g) same as described
above, V is volume of the solution, and a (a < 1), K,(L/gm) are constants.
°F is the fraction af solute adsorbed at different contact time t and pavameter By is a mathematical function of F, which is
given by F = q,/q.7a(mg /g min) is the initial sorption vate and the parameter § (mg/g min™?) is related to the extent of
surface coverage and activation energy for chemisorption.

Table 3.
Mathematical equations applied in the kinetic adsorption study of Pb*? ions onto CF1 and CFa.
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Figure 8.

Lagergren pseudo-first-order (a), Lagergren pseudo-second-order (b), Bangham’s pore diffusion (c), intraparticle
diffusion (d) model, and plots of calculated Boyd parameter (B, ) versus time (t) (e), experimental Boyd
parameter (By..,) versus time (t) (f), and Elovich model plot and (g) for CF1 and CF2 adsorbents.

pseudo-second-order model. Moreover, for CF1, values of g ca and ge exp were found
to be larger (54.95 mg/g and 48.88 mg/g) than those observed for CF2 adsorbents
(40.00 mg/g and 38.51 mg/g) as per the pseudo-second-order model.
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Pseudo-first-order model

Sample k; (x1073) (mint) ! Qe,cal (mg/g) R?
CF1 8.98 41.69 0.9541
CF2 9.67 38.01 0.9192

Pseudo-second order model

Sample Qe,exp (Mg/g) k;, (x10™%) (g.mg “Imint1) Qe,cal (mg/g) R?
CF1 48.88 5.90 54.95 0.9948
CF2 38.51 6.18 40.0 0.9413

Intra-particle diffusion model

Sample k; (mg /g min'/?) C (mg/g) R?
CF1 2.94 7.85 0.9308
CF2 1.96 4.58 0.9891

Bangham’s pore diffusion model

Sample A ky, (L/gm) R?
CF1 0.73 7.48 0.9779
CF2 0.49 9.50 0.9611
Elovich model
Sample o (mg /g min) p (mg/g min /) R?
CF1 0.040 10.70 0.9847
CF2 0.125 7.30 0.9127
Table 4.

Characteristics of the pseudo-first-order, pseudo-second-order, intra-particle diffusion, Bangham’s pore diffusion,
and Elovich kinetics model, along with the correlation coefficient (R?) for the adsorption of Pb*? (initial
concentration C; = 20 mg/L) onto the CF1 and CF2 adsorbents.

From a mechanistic viewpoint, it is crucial to identify the steps involved during the
adsorption process. Thus, the intraparticle diffusion model [43] has been used to
identify the steps involved during adsorption process. Figure 8(c) shows the
intraparticle diffusion model plot for CF1 and CF2 and here, the non-zero value of C
implies that the adsorption mechanism is governed by both film diffusion and intra-
particle diffusion [47, 48]. In the experiment for CF1, the plot shows three main
portions: initial linear but rapid increase (15%) portion, steep portion (70%), and a
later horizontal potion (15%), whereas for CF2 adsorbents Figure 8(c) shows two
distinct portion as first linear steep portion (90%) and later horizontal portion (10%).
In the case of CF1, the initial rapid portion attributed to boundary layer diffusion
effect or external mass transfer effect. The boundary layer effect is more dominant in
CF1 compared to CF2 as C value is large (see Table 5). However, the steep linear
portion implies that the intraparticle diffusion could also be the main sorption mech-
anism in this part of plot. The later portions were slow and controlled by the equilib-
rium diffusion mechanism, which occurred when the rate of sorption and desorption
are insignificant. Moreover, 90% of the linear steep region observed for CF2 indicates
that intraparticle diffusion is more dominant for CF2. In addition, the rate of adsorp-
tion process (k;) of CF1 (2.935 + 0.252 mg.gflmintfo‘s) is larger than the CF2
(1.096 £ 0.059 mg.gflmint*O'S). The diffusion rates (Table 5) decrease with the
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Model Linear equation Plot Calculated coefficient
Langmuir” c)_ (1 Cc, (C.lq.) vs. (C,) b = slope/intercept g, = slope ™
& (q) - (hqm) + <qm) 1 Y v i
Freundlich” q,= kfcg/" log (g.) vs. log (C,) kg = 100teTeePt - slope’1
Tempkin® q, = kiln (k2) + ki ln (C.) n(C,) vs. (gc) ky = slope™ k, = 10/tercept

2qe(mg.g ") is the amount of Ph*? ions adsorbed per unit mass of magnetic adsorbent, C. is the concentration of adsorbate
in the solution at equilibrium, q,,,( mg.g’l ) is the maximum uptake per unit mass of adsorbent or monolayer adsorption
capacity, and b(g.mg ™) is the Langmuir constant velated to the adsorption energy."where C, and q. have the same
meaning as in the Langmuir isotherm, ke( 'mg.g ) is the Freundlich constant related to the adsorption capacity (mg/g),
and n is the empirical parameter vepresenting the energetic hetevogeneity of the adsorption sites (dimensionless).“k,(L/g) is
related to the heat of adsorption (L/g), and k, is the dimensionless Tempkin isotherm constant.

Table 5.
Mathematical equations applied in adsorption isotherm study of Pb** ions onto CF1 and CF2 samples.

increase in contact time for both adsorbents. This is because the heavy metal ions
diffuse into the inner structure of the adsorbent and the pores for diffusion become
smaller. The free path of the ions in the pore decreases and the ions may also be
blocked. Here, the deviation of straight lines from the origin (Figure 8(c)) was
observed for both the adsorbents. It may be due to the difference in rate of mass
transfer in the initial and final stages of adsorption. Further, such deviation of straight
line from the origin indicates that the pore diffusion is not the sole rate-controlling
step.

The experimental data were further analyzed to determine the slow step occurring
in the present system using Bangham’s pore diffusion model [48] and Bangham’s pore
diffusion model plots are shown in Figure 8(d). It is found to be linear with R* of
~0.9779 and ~ 0.9611 for CF1 and CF2, respectively, which confirm that the adsorp-
tion is pore-diffusion controlled for both the adsorbents. Pore diffusion is more dom-
inant for nano-adsorbent compared to micro-adsorbent as pore presence were already
seen in BET isotherm curve.

Additionally, the actual rate-controlling step involved in the adsorption process
was determined by Boyd kinetic model [49]. Using the g exp and ge a1 values, the
corresponding experimental Boyd (Bt xp) and calculated Boyd (By ;) parameters
were obtained and as shown in Figure 8(e,f), the plots are linear but do not pass
through the origin, and the R” of linear fitting indicates that the external mass trans-
port mainly governs the rate-limiting process of adsorption of Pb*? onto the magnetic
adsorbents and it is more prominent in magnetic nano-adsorbent [50].

Moreover, the data were further analyzed using the Elovich model [51] and the
linear form of Elovich model is presented in Table 3. The unknown constants « and $
were obtained and listed in Table 4. Elovich model plot is shown in Figure 8(g). The
kinetic curve of adsorption of Pb** was demonstrated to be good fitting with the
Elovich model for CF1 and CF2 as the R” is observed to be near to unity. However,
from Table 4 it is seen that the diffusional rate-limiting is more prominent for the
nano-adsorbent compared to nanostructured microgranules adsorbent during the
adsorption process.

3.5.2 Adsorption isotherm studies

The Langmuir and Freundlich models were utilized to fit the experimental data, as
presented in Table 5. These equations are widely employed in the analysis of
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adsorbate-adsorbent interactions. The Langmuir adsorption model [52] postulates the
existence of a maximum capacity for adsorption, which corresponds to a state of
complete saturation of the adsorbent surface by a monolayer of adsorbate molecules.
It is commonly assumed that the process of adsorption occurs at distinct and uniform
sites located within the absorbent material. Upon occupation of a site by Pb*? ions,
subsequent adsorption at said site is precluded. The determination of ¢, and b values
is achieved through the computation of the slope and intercept of the linear graph of
(Ce/ge) against (C,), as illustrated in Figure 9(a). The resulting parameters are
presented in Table 6. The correlation coefficient of the isotherm exhibits a moderate
level of association. It is possible to predict the effectiveness of the adsorption process
using the dimensionless equilibrium parameter, Ry, [53]. It is calculated as Ry, = 1/(1+b
C,), where b and C; represent the adsorption constant and initial concentration (mg/
L) of the solute, respectively. According to literature [54], the isotherm’s shape can be
categorized as unfavorable (R, > 1), linear (Ry, = 1), favorable (0 < R, < 1), or
irreversible (Ry, = 0), based on the value of R;.. Figure 9(b) displays the Ry, values that
were computed for varying initial concentrations of Pb*2, The range of Ry, values falls
within the interval of 0 to 1, thus indicating the favorable nature of the adsorption
process [55]. Monolayer adsorption capacity was observed to be high (1951.98 mg/g)
for CF2 compared to CF1 (1382.74 mg/g). The Langmuir isotherm plots were not
perfectly linear as evidenced by the moderate R” values (see Table 6), which repre-
sent that Pb*? ions adsorption is not completely homogenous monolayer surface
adsorption process for both the magnetic adsorbents. Thus, isotherm data were fur-
ther analyzed using Freundlich isotherm (see Figure 9(c)), which [50, 56] assumes
that adsorption occurs on a heterogeneous surface through a multilayer adsorption
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Figure 9.

Equilibvium Langmuir isotherms of Pb*? ions by CF1 and CF2 adsorbents (a), calculated Ry, values at different
initial concentrations of Pb*? for CF1 and CF2 (b), equilibrium Freundlich isotherms of Pb*? ions by CF1 and
CF2 (c), and Tempkin adsorption isotherm plots for CF1 and CF2.
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Langmuir

Sample b x 103 (gmg™) qm (mg.g™ ") R®

CF1 1.360 1382.74 0.727

CF2 0.917 1951.98 0.730

Freundlich

Sample ke (mg.g™ ) N R’

CF1 3.30 1.21 0.998

CF2 2.67 1.14 0.999

Tempkin

Sample ky (L/g) k, R?

CF1 135.31 0.069 0.7893

CF2 150.31 0.063 0.7764
Table 6.

Characteristics of Langmuir, Freundlich, and Tempkin isotherm for the adsorption of Pb** onto the CF1 and CF2
along with the R* value.

mechanism and that the adsorbed amount increases with concentration according to
the Freundlich isotherm. According to Table 6, it is observed that the R* values are
very close to 1, which indicates that the experimental adsorption isotherms are very
well modeled by the Freundlich equation compared to Langmuir model. Meanwhile,
the value of n for Freundlich model is greater than 1, indicating the adsorption of Pb*?
also exhibits a favorable shape. Adsorption is considered satisfactory when the
Freundlich constant 7 takes values within the range 1-10. Furthermore, Tempkin plots
for magnetic adsorbents are shown in Figure 9(d) and Tempkin isotherm constant are
listed in Table 6. The values of R” are greater than the data modeled by Langmuir
isotherm but less than the Freundlich isotherm. Importantly, the heat of adsorption of
microgranules is higher (150.31 L/g) than the nano-adsorbent (135.31 L/g).

From the above discussion, the overall adsorption of Pb*? ions occurs through a
multilayer adsorption mechanism for both the magnetic adsorbents. Moreover, the
presence of adsorbate-adsorbate interactions was also observed during Pb** adsorp-
tion process, as checked by Tempkin isotherm. However, on the basis of R* value, the
order of kinetic model followed for nano-adsorbent is as follows for the experimental
data; Pseudo-second-order > Elovich model > Bangham’s pore diffusion model >
pseudo-first-order > intraparticle diffusion model. On the other hand, for
microgranules adsorbent the order of kinetic model is as follows; intraparticle diffu-
sion model> Bangham’s pore diffusion model> pseudo-second-order> pseudo-first-
order> Elovich model. Importantly, monolayer adsorption capacity observed to be
high (1951.98 mg/g) for CF2 compared to CF1 (1382.74 mg/g) along with higher heat
of adsorption for CF2 (150.31 L/g) than the CF1 (135.31 L/g), which suggest that the
adsorption capacity of nanostructured CFO microgranules can be enhanced further by
various modifications.

3.5.3 Regeneration study

In five consecutive cycles, the regeneration and re-adsorption of magnetic adsor-
bents showed a 99% regeneration rate, indicating that donor sites on the surface of
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Figure 10.
Elemental distribution of Co, Fe, O, and Pb after the adsorption study for CF1(a) and CF2 (b).

magnetic adsorbents and Pb*? ions are reversible. In conclusion, magnetic absorbents
and Pb*? ions did not form strong bonds. Thus, the whole adsorption and desorption
process does not include chemical redox reactions. Interestingly, the adsorption
capacity of CF2 with greater size drops significantly during desorption with the rise in
cycle number due to its low adsorption rate and small capacity.

Figure 10 display the SEM micrographs and elemental mappings of both adsor-
bents following adsorption and desorption experiments. The morphology of both
adsorbents is preserved. The observation of a uniform distribution of Pb*? ions
adsorbed on the MNPs confirmed the adsorption of Pb*? by the MNPs. Pb** was,
however, preferentially adsorbed on the particle’s surface rather than in its substance.
As anticipated, the quantification of the elements confirmed that the CFO NPs were
the source of the high concentrations of Co, Fe, and O. Evidently, the relatively low
concentration of Pb** was produced by ion adsorption on the surface of MNPs.
Significantly, CF1 contained higher concentrations of Pb + 2 ions than CF2.

4. Conclusions

We have successfully synthesized the novel CFO NPs and nanostructured CFO
microgranules and systematically investigated their physicochemical properties. Our
results show that both the CFO nanoparticles and nanostructured CFO microgranules
favors inverse spinel structure with spherical and quasi-spherical morphology. For
nanostructured CFO microgranules, Mg value is remarkably high (5.62 pg/F.U.) com-
pared to the bulk counterpart, and almost double as compared to Mg value reported
for CFO NPs. Our studies show that overall, the adsorption of Pb*? ions occurs
through a multilayer adsorption mechanism for magnetic nano- and nanostructured
micro-adsorbents. Moreover, the existence of adsorbate-adsorbate interactions was
also observed during Pb** adsorption process as checked by Tempkin isotherm.
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Monolayer adsorption capacity was observed to be high (1951.98 mg/g) for nano-
structured micro-adsorbents compared to nano-adsorbents (1382.74 mg/g) along with
higher heat of adsorption of nanostructured micro-adsorbents (150.31 L/g) than the
nano-adsorbents (135.31 L/g), which suggests that the adsorption capacity of nano-
structured CFO microgranules can be enhanced further by various modifications. The
proposed magnetic nano-adsorbents and nanostructured microgranules can be suc-
cessfully applied for the removal of other heavy metal ions from aqueous solutions
and complex industrial wastes.
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Chapter?2

Applications of Nano-Ferrites in
Medicine

Amina Ibrahim Ghoneim

Abstract

Nano-ferrites are elegant and smart nanoparticles. Biomedical implementations
of nano-ferrites include cell signaling, hyperthermia, magnetic resonance imaging
(MRI), nanorobots, drug delivery, anti-cancer function, anti-fungi, anti-bacteria,
biosensors, brain stimulation, wound healing, etc. Nano-ferrites showed anticancer
features towards various types of cancer cells, such as breast cancer. They have been
used for drug delivery as well as drug release. Magnetic hyperthermia is a success-
ful approach in cancer treatment, where nano-ferrites have been used under the
influence of external magnetic fields. Nano-ferrites are used as magnetic resonance
imaging (MRI) contrast agents. Furthermore, nano-ferrites have been involved in
the magnetic nanorobots and biosensors industries. Superparamagnetic nanocrystals
including manganese nano-ferrites have been utilized in the activation of thermos-
sensitive transient receptor potential vanilloid 1 (TRPV1) channels to attain further
brain stimulation. The chemo-genetic modulation of targeted neural circuits using
superparamagnetic nano-ferrite particles provides a novel strategy for brain stimula-
tion so as to investigate brain functions and neurological diseases. Moreover, they
have antibacterial and antifungal activity against several types of bacteria and fungi,
such as E. coli and Candida albicans. Pr¢Oy;/Fe;03/GO@PCL film nanocomposites
have been used in skin wound healing treatment; thence, these smart new nanocom-
posites could be utilized in the advancement of wound healing applications.

Keywords: biomedical applications, cell signaling, hyperthermia, magnetic resonance
imaging (MRI), nanorobots, drug delivery, anti-cancer function, anti-fungi,
anti-bacteria, biosensors, brain stimulation, wound healing

1. Introduction

Nano-ferrites with their wide variety of types continue to be extremely essential
nanocrystals in the recent era from scientific, industrial as well as technological pros-
pects ever since their discovery in 1950s. Specification of such nanocrystals as nano-
spinel, nano-hexaferrites, and orthoferrites stems from their tiny nano-particles size
as well as their Versatile crystal structures. Recently, ultimate advanced scientific
research vistas have essentially focused on promoting and preparing new unique
nanocrystals with ultra-fine grain sizes for utilizations in too diverse and spreading
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technological fields likespintronics, magnetic recording media, shielding technology,
and microwave attenuators imputing to their extremely high thermal stability, non-
toxic merits, supreme chemical stability and extremely supreme corrosion resistivity
[1-5]. Obviously, Ferrite nanocrystals are vital in industrial vistas such as their uses

in wireless networks, Mobile technologies, RADAR, and permanent magnets. The
ultimate focus of researchers today is synthesizing these nanocrystals utilizing diverse
synthesis procedures and varied characterizing strategies [5-8].

Early in history, ancient Greeks used lodestone (magnetite Fe;O,) to cure many
diseases. By precisely advanced nano-biotechnology, utilization of these diverse
magnetic ferrite nanocrystals has emerged, which extends to clinical research vistas
and modern biomedicine aspects. Since biological tissues are transparent to magnetic
fields, in biomedical implementations ferrite nanocrystals could perform various
functions synchronized with invisible tissue penetrating magnetic fields. For exam-
ple, a sort of natural magnetotactic bacteria naturally form Fe oxide nanocrystals in
order to generate permanent diodes interior their own natural cells so as to navigate
towards the most convenient habitats by the outstanding property of sensing our
planet’s magnetic field. These unique ferrite nanocrystals obtain excellent biocompat-
ible features, which in turn used as therapeutic and magnetic resonance imaging
agents in clinical scientific research. Then, for the supreme magneto-responsive
merits of these nanocrystals, versatile expanding biomedical implementations are
created. These wide expanding uses include magnetic resonance imaging (MRI) for
various tissues, nanorobots, cell signaling, curing of illnesses via hyperthermia, drug
delivery, anti-cancer function, anti-bacterial and anti-fungi function, biosensors, etc.
Obviously, ferrite nanocrystals can be delivered to the targeted biological tissues, thus
they possess the capability to induce diverse cell responses for modulating biological
systems via conversion of external magnetic field energies into bio-sensitive signals,
such as heating stimuli, mechanical forces and inducing local field [9-15]. However,
nanocrystal function is highly influenced by the magnetic features of these ferrite
ultrafine nanoparticle mediators. Therefore, for efficient transduction of biochemical
signals, it is extremely vital to engineer ferrite nanocrystals with enhanced magnetic
response. In this respect, biological effects generated by ferrite nanocrystals are
extremely influenced by their magnetic merits like saturation magnetization, chemi-
cal stability, thermal stability, corrosion resistivity, ultrafine size nature, chemical
composition, crystalline structure, and surface morphology, which is closely related
to thermal conversion efficiency. Furthermore, several strategies could be taken into
consideration in synthesizing assemblies or clusters of magnetic ferrite nanopar-
ticles for improving their performance and merit like saturation magnetization and
enhancing their magnetic response for their pioneering biomedical implementations
[9-15].

One of the most recent talented nanostructures is the one-dimensional magnetic
nanowire, nanotube, and nanofiber, which possess unique chemical and physi-
cal merits. Thus, these magnetic nanofibers have several implementations such as
nanoscale magnetic devices industry and biomedical applications like hyperther-
mia which are extensively attractive and low-cost strategies for cancer treatment.
However, magnetic nanocrystals are utilized as supporting material in Radiotherapy
and Chemotherapy. Iron oxide nanocrystalline diverse structures have been exten-
sively utilized for hyperthermia application imputing to their ultimate non-toxicity,
supreme corrosion resistivity, superior chemical stability, low cost, and echo-friendly
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habit. As an example, Ni ferrite nanofiber which can be synthesized via electrospin-
ning procedure and also can be annealed to variable annealing temperature degrees

in order to obtain various sizes of nanofibers, has been utilized for hyperthermia
applications. Their shape enables them to produce extra heat energy at RF alternating
magnetic fields. Oleic acid-coated Ni ferrite nanocrystals were utilized for hyperther-
mia and drug delivery applications. The scarcity of research on the synthesis, struc-
tural, magnetic, and hyperthermia of nickel ferrite nanofibers makes them marvelous
nanostructures for these studies [16].

Nano-ferrites have diverse nanocrystalline structures and morphological shapes
such as one-dimensional (1D) nanoparticles, two-dimensional (2D) nanoparticles,
and three-dimensional (3D) nanoparticles. One-dimensional nanoparticles consist
of nanorods, nanowires, and nanotubes, and possess obvious interesting biomedi-
cal implementations imputing to their unique magnetic merits. Nanorods possess
diameters beginning from a few nanometers up to 100 nm in length. Nanotubes
have hollow nanorods morphological shapes. Nanowires possess lengths greater
than 100 nm. They can be synthesized via diverse preparation routes like hydro-
thermal, co-precipitation strategies, etc. While two-dimensional (2D) nanopar-
ticles consist of nanofilms, nanoplates, and nanosheets. These 2-dimensional
nanostructures could be synthesized via thermal decomposition and co-precipita-
tion strategies with the precise control of annealing temperatures and conditions,
furthermore, they are convenient candidates for several biomedical implementa-
tions. On the other hand, the anisotropic three-dimensional (3D) nanoparticles
consist of nanospheres, nano-cubes, and nanoflowers. 3-Dimentional nano-
structures could be synthesized via thermal decomposition and co-precipitation
strategies, etc., with the accurate handling and control of annealing temperatures
and conditions, over and above, they are convenient nanocrystals for several
biomedical implementations [17]. These diverse morphological nanostructures of
nano-ferrites are indicated in Figure 1 [17].
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Figure 1.
TEM images of different shapes of MnFe,0, nanoparticles (a) nanospheres, (b) nano-cubes, (c) nanorods, (d)
nanowires, (¢) nanorods, (f) triangulay, (g) polyhedron, and (h) nano-octahedron [17].
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2. Biomedical applications of nano-ferrites

Biomedical implementations of nano-ferrites extensively dependent on the
toxicity and biocompatibility of these nanocrystals. There are some consider-
able parameters that influence the toxicity and bio-compatibility of these ferrite
nanoparticles such as morphological shape and size of nanoparticles including
their coatings as well as their magnetic response. The main outstanding merits of
nano-ferrite crystals in order to be utilized in various biomedical implementa-
tions in in vivo and in vitro are biodegradability, low toxicity, supreme magneto-
responsive attribute, and long blood retention time. Obviously, nano-ferrites
possess versatile expanding biomedical implementations including, cell signaling,
hyperthermia, magnetic resonance imaging (MRI), nanorobots, drug delivery,
anti-cancer function, anti-fungi, anti-bacteria, biosensors, etc. [11-17]. Figure 2
illuminates ferrite nanoparticles and various polymer stabilization methods over

them [17-19].
2.1 Toxicity impact

Toxicity impact in cell culture/blood components is a significant parameter that
must be examined before any use of nano-ferrites in an in-vivo investigation. There
exist several sorts of cytotoxicity examination such as Alamar Blue, MTT, and Trypan
Blue assay, which lack standard procedure, hence several examination tests should be
done. MTT colorimetric assay (3-[4,5-dimethylthiazol- 2-yl]-2,5 diphenyl tetrazolium
bromide) is the most cost-effective and classical assay for cytotoxicity investigation.
For the Alamar Blue assay, viable cells are found after whole number of cells are brood
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Figure 2.
Ferrite nanoparticles and various polymer stabilization methods over them [17].
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with non-fluorescent resazurin dye. Exclusion test (Trypan blue dye assay) is used

to determine dead cells. Reactive oxygen species (ROS) assay is utilized to examine
the cytotoxicity of nano-ferrites. It is intended to determine ROS generation as an
indicator of cellular oxidative stress. Nano-ferrites such as Mn ferrite nanoparticles
are efficient nanocrystals for magnetic hyperthermia and their toxicity level was
examined for various cancer cell lines like human melanoma cell line (MW?35), mouse
melanoma cell line (B16F10), human lung adenocarcinoma (A549) cell line, HeLa
cell line, etc. As nano-ferrite concentration increases, cancer cell viability decreases
[17, 18, 20]. Toxicity effect of CoFe,O, nanoparticles (CF-NPs) and Mg ¢sC0¢ 95Fe;04
nanoparticles (MCF-NPs) on human breast cancer cells (MCF-7) via MTT assay indi-
cated that, with the increase of ferrite nanocrystals concentration, the cytotoxicity
was influenced and is dose-dependent, and the viability of the MCF-7 cells decreased
as indicated in Figure 3 [20].

The cytotoxic properties against human breast (MCF-7) cancer cells by MTT
assay and their reactive oxygen species (ROS) are obviously showing an increased
trend with the increase of concentration. It was obvious thatthe viability cells
were dose-dependent. Cytotoxicity results occurred by decreasing cell viability
with increasing nano-ferrites concentrations by the exposure to different kinds of
Ferrite nanoparticles as indicated in Figure 3. The explanation for this is related to
the entrance of NPs towards cancer cells, geometry, size, and distinctive properties
of NPs were responsible for the cell death. Cell membranes exhibit small pore-like
passages that facilitate to entry of ferrite nanoparticles into cells and damage to the
upper layer of the cell membrane. The nanostructures can be easily entered into
the cytoplasm of the cell and react with cell’s organelles diminishing the growth of
cancer cells. Further, morphological changes in cancer cells in the presence of Ferrite
nanoparticles are occurring. Additionally, to know the cytotoxicity of cancer cells
and the role of nano-ferrites in the mechanism, the reactive oxygen species (ROS) for
24 hours is also measured, as indicated in Figure 4. It was considered that the produc-
tion ROS by interaction of nano-ferrites play the key role in mechanism of cytotoxic-
ity because they can directly disturb the many components of cells such as DNA
structure, proteins and lipids which in turn prime cause of cell death. Consequently,
dose-dependent features and upsurge rate of ROS generation support the cytotoxicity
results and cancer cell death as well [20].
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Figure 3.
Cytotoxicity (cancer cell death) of CoFe,O, nanoparticles (CF-NPs) and Mg, ,sCo,45Fe,0, nanoparticles (MCF-
NPs) against human breast cancer cells MCF-7 [20].
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Figure 4.
The reactive oxygen species (ROS) generation by nano-ferrites for CoFe,0,, nanoparticles (CF-NPs) and
Mg,,05C0,45Fe,0,, nanoparticles (MCF-NPs) against in human breast cancer cells MCF-7 [20].

2.2 Drug delivery and release

Biocompatible nano-ferrites are distinguishable imputing to their drug delivery
and release, tumor treatment capability, and safe liberation from bio-systems.
Utilization of these nanocrystals reduces the required drug amount and avoids side
effects, where nano-ferrite particles serve as a core covered with a shell of bio-
compatible organic moieties such as Chitosan, dextran, polyethylene-glycol, etc.
Furthermore, a gold shell is utilized to protect nano-ferrites core from oxidation.
Anticancer drug is embedded inside nanocomposites or bonded to the outer sur-
face of nanocomposites via a linker. Nano-ferrite cores assist in guiding anticancer
drugs via the use of external magnetic fields, whilst shells serve as surface modifi-
ers or stabilizers at which they surge targeting potential. Drug release mechanisms
are widely utilized, e.g., light, redox stimuli, enzyme, PH, thermal, etc. [20].

2.2.1 Drug delivery

Drug delivery agents like ferrite nanocrystals guided with external mag-
netic fields are the main focus for scientists from all over the world imputing to
their efficient strategy, simple mechanism, simple synthesis procedure, cost-
effectiveness, and targeting their accurate function in biological systems. These
smart nanoparticles can be directed toward a specific cell or tissue maximizing
their effect. Furthermore, nano-ferrites can deliver drugs like Dox and Cisplatin
by encapsulating them inside a polymer matrix to the tumor tissue. They can also
carry drugs circulate without leakage and move more flexibly to targeted tumors
with aid of external magnetic field, thus assisting in giving an efficient therapeutic
cure to the cancer. Once it is delivered to tumor tissue, the drug will be released
and provide its therapeutic effects. Hybrids composed of nano-ferrites, anticancer
drugs, semiconductors, and biocompatible coating agents (such as chitosan nano-
ferrites hybrid with folate-conjugated tetrapeptide nanocomposite) are special
agents for efficient cancer therapy [9, 20-22].
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2.2.2 Drug release

The marvelously efficient drug release mechanisms, e.g., light, redox stimuli,
enzyme, PH, thermal, etc., are extensively used. Another efficient procedure that also
impacts drug release is using magnetic nano-ferrites with the aid of external magnetic
fields. Magnetic guidance of drug release is obviously a marvelous route or strategy
for controlled drug release. Then, nano-ferrites are extremely important agents act-
ing in drug delivery and on the other hand, greatly impact drug release. Moreover,
they are utilized in remote-controlled drug release. An example, for DOX loaded into
nano-ferrite-chitosan as they are delivered to the target (tumor tissue) and influenced
by alternative magnetic field, by heat generated by ferrite nanocrystals as well as the
mechanical deformation occurring, DOX is easily released. As magnetic field amplitude
surges the rate of DOX release increases up to an optimum rate of release. Furthermore,
hyperthermia is a precise efficient strategy for drug delivery and release [20-22].

2.3 Magnetic hyperthermia

Cancer treatment strategies involve radiotherapy, chemotherapy, hyperthermia
(HPT), and surgery. Magnetic HPT is an elegant procedure of cancer therapy that is
very destructive for cancer cells with the aid of an external AC magnetic field using
magnetic nanocrystals like nano-ferrites. Nanocrystals ratio and their toxic effects
are the major anxieties in magnetic HPT. HPT focuses on the accumulation of guided
magnetic nanoparticles at tumor site, and generation of heat under influence of AC
magnetic fields, which in turn selectively kill tumor cells. Core-shell nanostructures
are more efficient for magnetic HPT than single-phase nano-ferrites, at which self-
heating merits under AC magnetic fields have been early examined for HPT. Types of
HPT are localized, regional, and whole-body HPT. HPT is heating specific tumors up
to 46°C, at which the normal enzyme processes are destroyed and blood vessels inside
the tumor have low thermic resistance. HPT is an essential therapy for cancers, where
cancers accept much more heat imputing to their surging metabolism rate. Control
of exposure spans and heating rate is the only way to make HPT more precise and
efficient via utilizing magnetic nanoparticles with a certain specific absorption rate
(SAR) at low concentrations. SAR is the rate of heat generated per unit mass, which is
highly influenced by the magnetic nanoparticles size, distribution, shape, anisotropy
constant, saturation magnetization, and morphology. Generated heat depends on
nanoparticle size and type as well as the frequency and amplitude of the AC magnetic
field [17, 20, 23]. The conducting strategies for thermotherapy are utilizing micro-
wave, laser therapy, and ionizing radiation. Nanoparticles are commonly utilized for
thermotherapy for elimination of cancer cells, such as gold nanotubes, nano-ferrites,
etc. Gold nanotubes convert IR rays into thermal energy for the treatment of tumors.
Cobalt nano-ferrite possesses higher anisotropy and can lose magnetic moment
slowly, thus, tumor cells could absorb the resultant heat more robustly. However,
graphene nanosheets conjugated Cobalt nano-ferrites have lower cytotoxicity.
Furthermore, graphene platelets prevent aggregation of Cobalt nano-ferrites particles
without reduction of their magnetic potency. Graphene/cobalt ferrite nanoparticles
are utilized for magnetic HPT implementations. Biocompatibility of graphene oxide
(GO)/cobalt ferrite nanoparticles on neural stem cells has been investigated indicat-
ing that these nanostructures are excellent candidates for HPT [24].
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2.4 Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a delicate diagnostic strategy that can
provide 3-dimensional anatomical images of the body. MRI of tumors is the first stage
in cancer therapy for locating tumor position, its spread extent, and determining cur-
ing strategy. MRI is used for revealing the early stages of various tumors and tracking
drug responses. The principle of nuclear magnetic resonance (NMR) is the funda-
mental basis for MRI, which produces extremely high-accuracy biological images.
Magnetic nano-ferrite particles have been extensively utilized as MRI contrast agents.
MRI signal promotion is imputed to super-exchange interactions inside nano-ferrites
as well as dipole-dipole interaction between nano-ferrites and H,O surrounding
them, to limit longitudinal or transverse relaxation times. Superparamagnetic nano-
ferrites have been extensively utilized for in vivo biomedical implementations, like
drug delivery, hyperthermia, and MRI contrast agents. Cobalt nano-ferrites proved
excellent efficiency in MRI imputing their rise in anisotropy constant, coercivity,
mild saturation magnetization, extremely high chemical stability, and biocompatible
merits (as illuminated in Figure 5) [9, 25].

Iron oxides like Fe;0, and Fe,O, have been widely used as contrast agents due to
their chemical stability, no toxicity, and biodegradability. Co-ferrite are considered
good candidates for developing T, contrast agents with higher relaxivity. Basically,
Co-ferrite (CoFe,O4) nanoparticles perturbed the magnetic relaxation process of
protons in the tissue and induced the shortening of the spin-spin relaxation time of
the proton. The high saturation magnetization leads to the relaxivity enhancement
of undergone tissue of the body. MRI study of Co-ferrites was performed at low field
MRI unit (0.35 Tesla MAGNETOM) in order to get high contrast underwent organs
such as the liver and spleen of rabbits. For this purpose, a solution 0.02 mg Fe/Kg of
iron oxides and cobalt ferrites was prepared in saline water, and an intravenous dose
of contrast agent was delivered through vein of ear. Four rabbits of equal weight were
taken to compare the contrast enhancement on MRI images. Using IQ View software,
it has been measured that the intensity of signal induced by contrast agents such as
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Figure 5.
MRI images of liver and spleen (a) CA Fe;0,, (b) CA cobalt ferrites—20%uwt, (c) CA cobalt ferrites—40%uwt.
(white arvow show anatomy of stomach of rabbit, green arrow shows liver of rabbit) [25].
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iron oxides (for liver, I = 1433 + S.D. = 111.5, spleen, I = 1009 & S.D. = 96.5), cobalt
ferrites (for liver, I = 1513 + S.D. = 102.2, spleenI = 1694 + S.D. = 219.2) as shown in
Figure 5a—c. It could be concluded that cobalt ferrites induced high signal intensity
of T, contrast agents as compared to iron oxide nanoparticles. Metal-doped contrast
agents may be used for clinical purposes to diagnose many diseases for clinical use of
MR contrast agents [25].

2.5 Magnetic nanorobots

Magnetic nano-ferrites continue to surprise scientists in wide-spreading vistas of
science, such as biomedicine, nano biosensors, magnetic nano-robots, etc. It could
be collected as nanorobots of various styles, and magnetically guided to perform
diagnosis and curing of illnesses. An example, a nanorobot has been created ina
shape like a fan nanorobot covered by nano-liquid layer in order to precisely execute
functions in the vitreous body of the eye and controlled in a delicate way. Also, a
rectangular-shaped sheet magnetic robot has been fabricated from the hard magnetic
NdFeB particles in silicon elastomer. Under the guidance of an external magnetic field
over time, magnetic nanorobots could vary their appearance, climb, roll, walk, jump,
crawl, and swim. Furthermore, they could grab objects, transport them to the target
site, and eject cargos strapped onto magnetic nanorobot. DNA magnetic nanorobots
based on a super-soft and super-elastic magnetic DNA hydrogel were able to exhibit
shape-adaptive merits, and enhanced magnetically guided navigation velocity in
limited and random spaces. Guided magnetic nanorobots are anticipated to provide
elegant penetration in invasive medicine within the human body in the nearest future
(asillustrated in Figure 6) [9].
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Figure 6.

(A) Small-scale soft-bodied robot in medical applications, (B) schematic and optical images of a microscale
‘bird’ mimicking four flying modes, (C) schematic of magnetic DNA hydrogel synthesis, and (D) shape adaptation
characteristics of DNA robots [9].
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2.6 Biosensors

Magnetic nanoparticles like nano-ferrite crystals continue to surprise scientists
and the scientific community as they are used in enormous numbers of research,
application, and biotechnological implementation vistas such as contrast agents in
MRI, drug delivery, biosensors, hyperthermia, magnetic nanorobots, cancer cells
killers, etc. Biosensors are responsive to biological signals emitted from certain cells
or tissues which could be converted into electrical signals. Core—shell nanoparticles
possess large surface areas and ultra-tiny particle sizes, which in turn, increases inter-
action areas and biosensor sensitivity. Magnetic nanoparticles should own some vital
merits in order to be utilized as biosensors, such as extremely high chemical stability,
high corrosion resistivity, simple and easy synthesis, high magnetic susceptibility,
extremely high stability in physiological ambiance, and excellent dispersibility. Nano-
ferrite core—shell nanoparticles are excellent candidates for biosensor implementa-
tions, imputing their unique structural, optical, magnetic, and piezoelectric merits.
Nano-ferrites magnetic core is surrounded by inert shell to protect them from oxida-
tion and make them inert while maintaining their magnetic demeanor. Gold shell
covering Cobalt ferrite core is utilized as deoxyribonucleic acid (DNA) biosensor.
Thiol-modified peptide nucleic acid oligomers attached to Au/Cobalt ferrite core-shell
nanoparticles can interact with DNA target molecules. This modified sample is a good
platform for the immobilization of biomolecules which can be used to detect point
mutations or single nucleotide polymorphisms in DNA. Enzyme-free Glucose biosen-
sors have been the main focus recently for the detection of diabetics imputing to their
high thermal stability, extreme chemical stability, and reproducibility. Enzyme-free
Glucose biosensors with Zinc ferrite/polypyrrole core—shell nanoparticles nanocom-
posites interestingly possess promoted electrochemical effectiveness toward Glucose
oxidation with excellent sensibility. Copper ferrite/Polypyrrole core-shell nanopar-
ticles are advanced nanomaterials utilized as Glucose sensors. These biosensors
showed extremely surging electrochemical activity toward Glucose electro-oxidation.
Polyvinyl pyrrolidone (PVP) capped Cobalt ferrite/Cadmium Selenide core—shell
nano-composites were affirmed as excellent electrochemical biosensors for the detec-
tion of Rifampicin antibiotic. These new excellent biosensors possess long time span
stability, extremely high sensibility, and reproducibility, which makes them excellent
future candidates as a novel platform for the fabrication of electrochemical biosensors
and further sensor implementations [23].

2.7 Brain stimulation

Magnetic ferrite nanoparticles continue to be very exciting nanocrystals imputing
their unique structural, spectral, optical, chemical, physical, thermal, and especially
electrochemical features. Then, they are excellent candidates for versatile implemen-
tations such as using them in brain stimulation. These nanocrystalline structures
could be utilized in brain stimulation, which is established on the magneto-thermal
effect under the influence of the alternating magnetic fields (AMF), whilst this
strategy is known as the magneto-thermos-genetics strategy (magneto-genetics). A
small comparison between the traditional procedures that are based on the utilization
of chemicals and electrodes, and, the second-generation procedures that are based on
the utilization of opto-genetics, and ultrasound, on the other hand, magneto-genetics
has superiority over the first strategies. Magnetogenetics possess the superiority of
cell type specificity as well as their superior temporal and spatial resolution. All and
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above Magneto-genetics methodology does not require tethering animals to an energy
source [9]. Thence, scientists have an enormous interest in utilizing such nanostruc-
tured Magneto-genetics to activate the heat-sensitive transient receptor potential
vanilloid 1 (TRPV1, ” 316 K) to attain further brain stimulation. Superparamagnetic
nanocrystals including Manganese nano-ferrites, Magnetite (Fe304), Ferritin, Cobalt
nano-ferrite core @ Manganese nano-ferrite core—shell nanostructure, have been uti-
lized in the activation of thermos-sensitive TRPV1 channel. Manganese nano-ferrites
showed that by heated up they could activate the TRPV1 channel. Then, by side some
results happened, like, intracellular calcium concentration increased, triggered action
potentials in primary hippocampal neurons, and elicited retracting motions in par-
tially anesthetized C. elegans worms. Ferri-magnetic Magnetite (Fe;0,) nanoparticles
coated with anti-His antibody could target the TRPV1 channel with an extracellular
His x 6 epitope tag, which could remotely activate TRPV1 and stimulate the synthesis
and release of proinsulin for regulation of insulin production in mice [9]. Green
fluorescent protein (GFP) tagged ferritin nanoparticles have also been synthesized
and intracellularly associated with a camelid anti-GFP-TRPV1, which could initiate
calcium-dependent insulin transgene expression and modulate neuronal activities to
induce feeding. A mutated chloride-permeable TRPV1 was further developed, and
the neuronal inhibition was achieved via the same heat stimulation that responded

to blood glucose levels and decreased feeding. Ferri-magnetic Magnetite (Fe;04)
could remotely activate TRPV1 and recall excitation in the targeted ventral tegmental
area in vivo. Cobalt nano-ferrites @ Manganese nano-ferrites core—shell was early
synthesized, however, with their superior magneto—thermal performances, they were
utilized to stimulate neurocircuit and modulate behavior in awake mice, as illumi-
nated in Figure 7A. The heat lost by superparamagnetic nano-ferrite particles could
trigger the release of tiny molecules (agonist or inhibitor) from the thermally sensi-
tive lipid vesicles and be applied to the thermally sensitive lipid vesicles and be applied
to chemo-genetic activation of engineered receptors, as illuminated in Figure 7B. The
chemo-genetic modulation of targeted neural circuits using superparamagnetic
nano-ferrite particles provides a vital and novel strategy for brain stimulation so as to
investigate brain functions and neurological diseases [9].
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Figure?7.
(A) Magnetic nano-ferrite particles (MNFPs) under alternating magnetic field (AMF) activate TPRV1
channels, (B) chemo-magnetic stimulation in vivo [9].
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2.8 Antibacterial applications

Nano-ferrite particles continue to be outstanding nanoparticles for versatile
potential applications in numerous vistas including, biosensors, drug delivery, high-
density information storage, magnetic refrigeration, etc. Among these, nano-spinels
have been extensively investigated imputing their unique chemical and physical
merits and their technological implementations in the biomedical vistas, antimicro-
bial, anti-fungi, photocatalysts, etc. Nanoscale substances like nano-ferrite possess
almost similar sizes compared to biological molecules, so they can penetrate easily
and interact with these biomolecules, and not possible for macromolecules. As these
ultra-tiny nanoparticles were reduced to nano-scale extent they considerably changed
their magnetic, optical, electrical, and chemical features, which also promoted these
NPs to interact with biological systems in a unique strategy [26-28]. Aluminum Zinc
nano-ferrite particles agglomeration influence has an important antibacterial activ-
ity, and fine dispersity of ultrafine nanoparticles, which is fundamental for efficient
antibacterial activities. Antibacterial activity of Aluminum Zinc nano-ferrite particles
obviously precisely occurs when prepared nanocrystals interact with cellular mem-
brane resulting in production of Reactive Oxygen Species (ROS). The inhibition zone
of E. coli and Pseudomonas aeruginosa against at Aluminum Zinc nano-ferrite particles
and Nickel Zinc nano-ferrite particles is pictured and illuminated in Figure 8. Zinc
nano-ferrite particles provided an antibacterial activity against Gram-negative with
the maximum inhibition zone of 10 mm. For Aluminum Zinc nano-ferrite particles,
they provided antibacterial activity against Pseudomonas aeruginosa with a maxi-
mum inhibition zone of 14 mm. Whilst, on the other hand, Nickel Zinc nano-ferrite
particles provided antibacterial activity against E. coli with a supreme inhibition zone

Figure 8.

Antibacterial activity by agar well-cut diffusion method against E. coli of (a) zinc nano-ferrite at 400°C, (b)
antibacterial effect against Pseudomonas aeruginosa of aluminum zinc nano-ferrite (0.05), (c) antibacterial
effect against E. coli of aluminum zinc nano-ferrite (0.05), (d) antibacterial effect against E. coli of nickel zinc
nano-ferrite (0.05) [26].
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of 17 mm. Antibacterial activity of Aluminum Zinc nano-ferrite particles essentially
occurs in an accurate mechanism when ultrafine nanocrystals interact with cell mem-
branes resulting in the increased production of ROS. The affirming evidence proposes
that when the biological cells are exposed to the ultra-tiny nano-ferrite particles, this
can produce an imbalance in the cellular reduction—-oxidation process of bacteria by
changing reactive oxygen species that may interrupt the bacterial-antioxidant defense
responses. The increased ROS level generates oxidative stress, which is believed to be
the contributing factor in the antimicrobial activity of NPs [26-28].

2.9 Anti-fungi applications

Superparamagnetic nano-ferrite particles have provided superior antibacterial
features against various bacteria and fungi. Cobalt Ferrite nanoparticles are obviously
utilized for biomedical implementations imputing their ability to combat various
human infections. The ultra-fine size nature of these nano-ferrites as well as their
high specific surface area makes them effective against harmful microorganisms
[29]. The antifungal influence of Barium nano-ferrite particles has been precisely
investigated as illuminated in Figure 9. The broth media of each condition was seeded
in independent agar plates and the colony forming units (UFC) were assessed and
referred over control (Figure 9).

2.10 Nano-ferrites for wound healing

Skin is the Extremely large body organ that spreads over the surface of the whole
body. Skin including hair, nails, oil, and sweat glands form the human integumentary
system. Skin main function is to defend the whole human body from external dangers
such as; insects, parasites, bacteria, viruses, infections, wounds, sores, temperature,
heat, humidity, chemicals, etc. Skin, the fundamental organ for humans, possesses
esthetic nature as well as playing an active role in the immune system. Skin wounds
essentially originate from accidents by sharp articles, metal fragments, sharp glass
blades, or chronic ulcerations, thus it needs rapid therapeutic intervention or fast
treatment and cure. Natural skin regeneration procedures may face several hurdles
like bacterial infection, hence, hastening to heal is vital in skin regeneration healing.
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Figure 9.
Growth of Candida albicans treated with different concentrations of barium ferrite nanoparticles over
control [29].
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New synthesized nanostructured biomaterials must have several merits such as
biocompatibility and biodegradability to avoid inflammation. Furthermore, they
must have a special surface that assists cell adherence, splitting, and regeneration.
Moreover, there should be a suitable porosity ratio that allows construction of blood
vessels. Otherwise, diverse nanostructured biomaterials, such as bio-polymeric
matrices (such as e-poly-caprolactone (PCL)/ampicillin fibrous nano-composition),
have been proposed for enhancement of tissue integration [30-35].

Graphene oxide (GO) is a honeycomb crystalline structure formed of a single
sheet or layer made up of a 2D array of Carbon atoms. GO is a new elegant and smart
substance as it exhibits superior mechanical attributes and smart biocompatibility
merits. It is obvious that GO possesses brilliant biological activity, and above this, the
functional groups on GO surface, such as OH groups enhance hydrophilicity. There
are several routes of synthesizing new intelligent nanocomposite structures in order
to promote new smart structural, chemical, physical, thermal, and biological features.
On the other hand, rare earth nanostructured crystals possess biological activity such
as enhancing the therapeutic development in the new race of advancement of bio-
medical nanomaterials engineering. Thence, uniting nanostructured materials such
as nano-ferrites, GO, rare earth nanostructures, etc., upon their unique functional
demeanors could provide a delicate strategy in order to secure viable biomaterials in
skin wound healing. Praseodymium oxide (PrsO11), hematite (Fe,0;), graphene oxide
(GO), and Polycaprolactone (PCL) based polymeric film nanocomposites (NCs)

—(PP

T ———

i I %y
—

Figure 10.
Contact angle of e-poly-caprolactone (PCL) based fibrous nano-composite; where (a) PC, (b) PrsO,,@PCI,
(c) Fe,0;@PCl, (d) Prs0,,/Fe,0;@PCl, and (e) Prs0,,/Fe,0;/GO@PCI [31].
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have been combined and synthesized to produce various polymeric nanocomposites
for investigation of their biological activity and enhancement of skin wound healing.
Prs011/Fe;03/GO@PCL film NCs presented a promotion in skin wound healing at
which it possesses a high capacity for healing, reaching around 80%, as it assists the
division of normal cells promoting wound healing. Thence, these smart new nano-
composites could consolidate in production of new applicable marvelous nanostruc-
tures in wound healing applications [30-35].

The contact/wettability angle is a pointer to bio-applicability owing to the fact that
the lesser the contact angle the higher the biological potential. The studied composi-
tions’ contact angle values according to Figure 10 are ~ 43, 38, 46, 38, and 55° for
PCL, Prs011@PCL, Fe,0O;@PCL, PrO41/Fe;0;@PCL, and Pr¢O41/Fe;05/GO@PCL,
respectively. The displayed data support the PrsO;; effect on lessening contact angle,
thus affecting nano-ferrites biological potential positively [30-35].

3. Conclusion

Nano-ferrites are ultra-tiny crystalline structures and possess versatile expanding
applications ranging from permanent magnets to internet, computer, and mobile
technologies. Above this, they possess very important biomedical implementa-
tions including, drug delivery, anti-cancer function, anti-fungi, anti-bacteria, cell
signaling, hyperthermia, brain stimulation, magnetic resonance imaging (MRI),
nanorobots, biosensors, wound healing, etc. Nano-ferrites showed great success in
anticancer function towards various types of cancer cells, such as breast cancer as well
as drug delivery and drug release. Their success in magnetic hyperthermia extends
to cancer treatment, where nano-ferrites have been used under the influence of
external magnetic fields to eliminate cancer cells and tumors. Nano-ferrites are used
as magnetic resonance imaging (MRI) contrast agents. Their obvious utilization in
the magnetic nanorobots and biosensors industries adds a new success to their usage.
Also, scientists have utilized Manganese nano-ferrites to activate the heat-sensitive
transient receptor potential vanilloid 1 (TRPV1, ” 316 K) to attain further brain stimu-
lation, so as to investigate the brain functions and neurological diseases. Moreover,
nano-ferrites have excellent antibacterial and antifungal activity. Pr¢Oy1/Fe,03/GO@
PCL film nanocomposites have been used in skin wound healing treatment.
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Chapter 3

Functionalized Ferrites for
Therapeutics and Environmental
Pollution Management

Tonmoye Savkar Shathi and Abdur Rahman

Abstract

Surface-functionalized ferrite materials are the ultimate products obtained
from micro/nanofabrication of one or more metal containing magnetic iron-based
oxides and their surface fine-tuning with suitable molecules for desired applica-
tions. Appropriate functionalization of ferrite surface often implants a wide range
of application-specific physicochemical characteristics. Herein, we have discussed
surface functionalization of ferrites with different organic molecules, inorganic
oxides, metals, and polymeric materials. Impacts of surface functionalization on
the dispersibility, biocompatibility, conductivity, photocatalytic activity, and pH
responsiveness of ferrite particles and their therapeutic and environmental poten-
tials are also highlighted. Then, some widely used and important functionalization
routes like coupling, ligand exchange, polymer encapsulation, and sol-gel techniques
are illustrated. Finally, a brief overview of biomedical and environmental pollutant
mitigation efficacies of the functionalized ferrite compounds is emphasized.

Keywords: surface functionalization, colloidal stability, ferrites, biomedicine, pollutant
mitigation

1. Introduction

Ferrites are ferrimagnetic iron oxide-based materials consisting of a small portion
of one or more other metallic elements such as Ba, Sr., Mn, Bi, Co, Ni, and Zn. Low-
cost, easy formulation, and magnetism of ferrites make them a potential candidate
for technological and biomedical applications. However, poor colloidal stability, high
band gap energy, and absence of suitable surface functionality highly limit their prac-
tical applications. To address these issues, various strategies have been applied. Among
them, surface functionalization of ferrites is one of the important methods, which
offers better dispersion stability, magnetism, high processability, desired functional-
ity for anchoring on demand molecules, and relatively lower band gap energy to ease
photocatalytic reactions. Functionalized ferrites are widely studied materials in the
fields of energy, electronics, magnetics, catalysis, and biomedical technology for the
last several decades. Here, the functionalization strategies of ferrites and application
potentials of functionalized ferrites in therapeutic delivery and catalytic degradation
of different environmental pollutants will be illustrated based on the recent literature.
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Recently, many technological advancements have been made by using ferrite
materials in the fields of biomedical sciences and environmental pollutant remedia-
tion engineering. Ferrites are a distinct class of magnetic nanoparticles (MNPs)
having the general formula of MFe,0,, where the tetrahedral cationic site is occupied
by a divalent cation, M?*, and the trivalent Fe** ions occupy the octahedral cationic
sites of the crystal lattice [1]. Ferrite NPs possess high surface energy-to-volume ratio
and excellent superparamagnetic characteristics. Ferrites materials can be synthe-
sized using various methods namely coprecipitation [2], thermal decomposition
[3], microemulsion [4], hydrothermal [5], and sol-gel process [6]. Ferrites are often
used as strong magnetic adsorbents, sensors, payload carriers, and imaging contrast
agents. However, these practical applications inevitably hindered due to the colloidal
instability of ferrites in the dispersing medium [7]. In such cases, appropriate surface
modification of ferrite materials can prevent excessive aggregation and immature
leaching from the reacting environment while enhancing or retaining their core
magnetic responsiveness [1]. In this chapter, our focus is to summarize some ferrite-
functionalizing materials and their synthesis routes keeping mainly their therapeutic
and environmental pollution management applications in mind.

Some of the ferrite particles are inevitable in the field of therapeutic applications
like nanocarrier for payloads, biosensor for disease diagnosis, hyperthermia [8], and
environmental hazard materials management via separation by adsorption and pho-
todegradation of pollutants [9]. Unique saturation magnetization, permeability, and
structural anisotropic properties of MNPs make them quite desirable materials to the
researchers for their widespread usages in biomedical and technological fields [10].
However, these properties are quite insufficient for effective usage, especially in the
biomedical and environmental areas. Basically, fine-tuning the surface properties of the
ferrite nanoparticles namely colloidal stability, aqueous dispersibility, biocompatibility
and nontoxicity are the key properties for their reactivity towards the surrounding envi-
ronments. These properties are also crucial for determining their application potentials
in different fields [11]. Functionalization is a vital technique for tailoring the surface
properties of nanoparticles with different organic and inorganic nanoscale materials
through the covalent and noncovalent bonds [12]. The aim of functionalization is to
enhance the physicochemical and biological characteristics of the resulting ferrites.

2. Widely used materials for surface functionalization

Surface functionalization of the magnetic ferrite nanoparticles serves the advan-
tages of site specificity, enhanced colloidal stability, and biocompatibility [8]. A wide
range of applications of ferrites has been achieved via the controlled tuning of their
surface properties. Nevertheless, the aftermath of the modification process is severely
controlled by the physical, chemical, and electrical properties of the incoming
ligands, dopants, and coating materials. Hence, it is important to have an insight into
some of the readily used functionalizing materials and their influences on the proper-
ties of ferrite particles. Figure 1 illustrates the classification of different functional-
izing materials for the surface modification of ferrite NPs.

2.1 Molecular organic compounds

There are many small organic molecules that are commonly used as stabilizing
and functionalizing agents like amines and thiols for modification of the surface
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Molecular organic compounds:
Ethanolamine, Folic acid, Citric acid,
Oleic acid, Porphyrin, DNA, Biochar

Inorganic compounds:
Gold. Co*, Silica
Graphene oxide

Ferrite
nanoparticle

Carbon nanotubes

Polymers:
Polyethylene glycol
Polyvinylpymrolidone
Chitosan, Polyaniline
Polypyrrole

Figure 1.
Different materials used for ferrite functionalization.

of ferrites. One such example is ethanolamine, which can modify the ferrite NP
surfaces in a simple one-step process [13, 14]. The surface amine groups lower the
hydrodynamic diameter (HDD) of the functionalized CoFe,O, MNPs and facilitate
their usage in biomedical applications [13]. The hardly basic nature of -NH, groups of
MgFe,0,4-NH, adsorbent helps in the selective chemisorption of different heavy metal
jons (Pb*, Cu**, and Zn*") via a complexation reaction [14]. For thiol functionaliza-
tion, a mixture of tetraethyl orthosilicate (TEOS) and (3-mercaptopropyl)-trime-
thoxysilan is much desired by many researchers [15, 16]. It includes the silica coating
of the ferrite core to which the -SH group is attached. Like amine functionalization,
the heavy metal adsorption process of thiol-functionalized ferrites is influenced by
the Lewis acid-base interactions [15].

Folic acid (FA) is a poorly water-soluble biologically important molecule. Its
overexpression in the vast majority of cancer cells gives the FA-modified nanopar-
ticles a better chance for internalization into the body and enhances the efficacy
of targeted delivery of drug molecules. FA functionalization facilitates the pH-
responsive release of the cationic anticancer drug doxorubicin (DOX) from cobalt
ferrite magnetic nanoparticles (CFMNPs). At basic pH, FA is converted into folate
ions and immobilizes a higher amount of DOX molecules. The acidic environment
of cancer cells stimulates the breaking of this electrostatic interaction and enables
the burst release of the DOX molecules [8]. FA is widely used for rendering cancer
cell targetability to different anticancer drug nanocarriers [8, 17, 18]. Citric acid
has been readily used in the synthesis of biocompatible magnetic fluids (BMFs)
for enhanced colloidal stability of the nanoparticles [19, 20]. Citrate-coated cobalt
(cit-CF) and nickel ferrite (cit-NF) nanoparticles exhibit a dose-dependent radiation
cytotoxicity against MCF-7 cancerous cells and are considered a suitable radiosen-
sitizer for cancer treatment [21]. Oleic acid (OA) is a type of fatty acid that is used
as a surfactant and forms a dense protective shell layer around the nanoparticle
surface during its functionalization process. In addition to its ambiphilic nature, OA
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imposes a non-immunogenic and anti-inflammatory environment on the attached
nanoparticle. Cell viability studies by Sandeep et al. showed that only a minimum
dose rate (8 mg/ml) of the OA-coated zinc ferrite (OA-ZNF) is required for effective
hyperthermia therapy [22]. For effective biological applications, Nam et al. trans-
ferred the OA/oleylamine (OLA)-stabilized CoFe,0, particles from hydrophobic to
hydrophilic phase through the poly(maleic anhydride-alt-1-octadecene) (PMAO)
encapsulation [23]. Porphyrin, an organic heterocyclic compound, is a promising
photoredox catalyst and photosensitizer. Functionalization by porphyrins aids the
photocatalytic activities of ferrite NPs due to the ease of electron transfer through
their highly n-conjugated systems [24]. Parnian et al. demonstrated that a porphyrin
derivative, meso-tetraphenylporphine-4,4',4",4" -tetracarboxylic acid (TCPP), can
significantly enhance the photocatalytic activity of polythiophene-coated ZnFe,0,
(TCPP/ZnFe,0,@PTh) nanocomposite [25].

Monodispersed MnFe,0, NPs were functionalized with biotin and single-stranded
DNA (ssDNA) for effective detection of protein or complementary ssDNA-patterned
substrate. Here, the low magnetocrystalline anisotropy and a high moment of the NPs
helped the bio-functionalization and in situ magnetic detection at room temperature
in both in vitro and in vivo biological environments [26]. Biochar (pyrogenic black
carbon) is recognized as a cost-effective adsorbent for environmental remediation
due to its unique surface porosity and functionality. Excessive phosphate can seriously
endanger aquatic bodies. Superparamagnetic magnesium ferrite (MgFe,0,)/biochar
magnetic composites (MFB-MCs) remove phosphate from an aqueous solution
through an inner-sphere complexation mechanism [27].

2.2 Widely used polymers

Polyglycerols (PG), also known as polyglycidols, are remarkably attractive
candidates for surface functionalization due to their voluminous hydroxyl groups
and flexible polyether backbone. Rimesh ez al. used L-a-phosphatidylethanolamine
(PE) block as a hyperbranched polyglycidol lipopolymer to provide water solubility
and biocompatibility to hydrophobic oleylamine (OA)-stabilized manganese fer-
rite (MnFe,O,@OA) nanoparticles [17]. Debarati et al. functionalized dopamine-
bound cobalt-ferrite (CF-DA) nanoparticles with polyethylene glycol (PEG). PEG
functionalization prevented the early dissolution of DA in physiological conditions
and facilitated its controlled release into the cancer cells [28]. Polyvinylpyrrolidone
(PVP) is another well-known nanoparticle stabilizer and dispersant. Most of the bare
ferrites lose their biological uses and superparamagnetic nature due to the excessive
aggregation in the solution. PVP coating resists the formation of aggregated clusters
of cobalt ferrites (CoFe,O4) making monodispersed and long-circulating MNPs. The
as-prepared PVP-CoFe,0, showcased lower cytotoxicity during the MTT assay [29].
Sahira et al. showed that PVP-induced biocompatibility increased the cellular uptake
ability of MnZnFe,0, nanoparticles [30]. Jaberolansar et al. proved that the non-
magnetic PVP matrix effectively handles the heat generated from the Cog 3Zn, ;Fe,04
ferrite powder and enhances its usability for hyperthermia application [31].

The admirable film-forming ability, high transmembrane permeability,
mechanical strength, nontoxicity, and biocompatibility of chitosan (CH) make it
a useful nanoparticle stabilizing and functionalizing agent to attain a wide variety
of applications. CH-coated CoFe,0, nanocomposite can successfully immobilize
horseradish peroxidase (HRP) for the effective detection of hydrogen peroxide
(H,0,). Comparative studies with several existing studies proved that CH/CoFe,04
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electrodes exhibit larger liner range (3 x 1072 to 8 mM), shorter response time (4 s),
and enhanced sensitivity (23 nA/mM) [32]. Chitosan-functionalized CaFe,0, MNPs
possess 88.2% immobilization efficiency for ampicillin, which is mainly attributed
to the electrophilic interactions of the protonated amino groups of CH moiety with
ampicillin [33]. Moreover, Datna et al. reported that CH-coated CoFe,O, MNPs
exhibit stronger antimicrobial activity for both the Gram-negative P. aeruginosa and
Gram-positive E. faecalis and E. coli than the uncoated ones [34]. Conducting poly-
mers; such as polyaniline (PANI) and polypyrrole (PPy) comprise a useful group of
materials for ferrite functionalization due to their tunable electrical properties and
high physical flexibility. Experiments showed that the diamagnetic PANI coating
enhances the electromagnetic shielding ability of MnZn ferrite (MZF) and NiMnZn
ferrite (NiIMZF) [35]. Sadeghinia et al. showed that the PANI filaments in the PANI/
perlite-barium ferrite nanoparticles (PANI/PBF-NPs) cause a decrease in their surface
areas and an increase in the pore volume. Thus, PANI contributes to the improve-
ment of the electrical charge storage capability of the composite [36]. The extended
p-conjugation of PANI with single- and double-bond alteration is responsible for its
semiconducting nature that can facilitate the electrochemical properties of different
spinel ferrites [37, 38]. Yan et al. showed that due to the dielectric loss of PANI/PPY
coating, the saturation magnetization of the PANI(PPY)-BaFe;;014/Nig sZng ;Fe;0,4
ferrite decreases while increasing its electrical conductivity [39].

2.3 Metallic doping

Substituting paramagnetic Co’* ions with diamagnetic Zn** in the CoFe,0, lattice
profoundly impacts the magnetic aspects of the Co; _ yZn,Fe,O4 compound. The
as-synthesized mixed ferrite exhibits increased saturation magnetization and reduced
anisotropy constant due to the dilution of spin moments by the Zn>* ions [40]. Zn
doping essentially improves the photocatalytic efficiency of ferrite NPs by lowering
the band gap and reducing the recombination of photogenerated electrons and holes
[41, 42]. Gold nanoparticles (Au NPs) possess rich surface chemistry for facilitat-
ing the healthcare-related application sectors. Au coating of ferrite NPs hinders
the oxidation of the magnetic core and acts as a convenient platform for further
surface functionalization. Juan et al. fabricated glyco-ferrites for MRI contrast agent
application using bimetallic superparamagnetic XFe,0,@Au (X = Fe, Mn, and Co)
nanocrystals. During the synthesis process, the Au shell forms stable thiol-Au bonds
with the neoglycoconjugates [43]. Au NPs render biocompatibility along with tunable
plasmonic characteristics to the superparamagnetic MgFe,0,. Such optical properties
allow the easy detection of tissue and blood in the near-infrared (NIR) region for
potential hyperthermia and drug delivery application [44].

2.4 Inorganic compounds

Cadmium sulfide (CdS)-coated ferrite nanocomposites are known to exhibit good
photocatalytic activity for wastewater treatment. CdS is an n-type semiconductor with
alarge direct band gap under visible light irradiation. Ferrite nanoparticles improve
the catalytic activity, anti-photocorrosion, recovery, and reuse of CdS catalyst.
Together, this semiconductor-based photocatalysis formulates a green technology
for environmental protection by degrading several organic dyes (e.g., 4-chlorophe-
nol (4-CP), methylene blue (MB), Rhodamine B (RhB), and methyl orange (MO))

[45, 46]. Functionalization by the inert silica layer can screen magnetic dipole
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interactions between magnetic nanoparticles and in that way facilitate their aqueous
dispersibility and biocompatibility for biomedical and bioengineering applications.
The presence of abundant silanol groups at the silica-coated ferrite NP surfaces enables
the scope for easy processability for multifunctional nanocomposite synthesis [47].
Banalata et al. tailored the mesoporous silica-coated superparamagnetic manganese
ferrite (MSN) with 3-aminopropyl triethoxysilane (APTES) for amine functionaliza-
tion, which is schematically shown in Figure 2. Next, the H,N-MSN particles were
conjugated with FA for targeted delivery of the anticancer drug, doxorubicin (DOX).
The residual amine groups on the FA-MSN were labeled with the fluorescent dye
rhodamine-B-isothiocyanate (RITC) for their cell internalization and detection.
Hence, this functionalized entity can serve for cancer diagnosis and treatment [47].
Ferrite-decorated graphene oxide (GO) nanocomposites are well dispersed in
aqueous/physiological media and biocompatible in nature due to the high density of
oxygen-containing groups, such as carboxylic, hydroxyl, and epoxide groups on the
surfaces and edges of GO. The unique mechanical, electrical, and surface characteristics
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Figure 2.
Step-by-step synthesis of silica-coated manganese ferrite for DOX delivery (MSN). Copyright: Journal
of colloid and Interface science [47].
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of GO nanosheet promote many theranostic applications [48]. Yan et al. demonstrated
that GO/MnFe,0, nanohybrids showcase exceptionally high loading capacity for DOX
mainly due to the strong n—x stacking and hydrophobic interaction between the hex-
agonal lattice of GO and the extended aromatic chain of DOX. Furthermore, the drug
release mechanism is controlled by the pH and NIR irradiation [49].

2.5 Carbon nanotubes (CNTs)

Ferrite NPs decorated on CNTs possess excellent electrical, thermal, and mechani-
cal properties. CoFe,O4 modified acid-functionalized multiwalled carbon nanotubes
(MWCNT-COOH) are effective RhB adsorbent. Increasing MWCNT-COOH content
from 29 to 75% increases the presence of active sites for electrostatic interactions and
eventually increases the adsorption capacity from 5.165 to 42.68 mg g™ [50]. On the
other hand, Huixia et al. demonstrated the biomedical applications of MWCNT/CoFe,Oy
nanocomposite. The strong supramolecular n—= stacking interaction between DOX and
the side walls of CNTs results in its high loading capacity (about 75.2%). Moreover, a
high T, relaxivity, low cytotoxicity, and pH-responsive drug release ability showcase the
nanocomposite’s potential as synergistic cancer diagnostic and chemotherapeutic agent
[51]. Yan et al. coated the magnetoelectric multiwall carbon nanotubes (MWCNTs)/
Fe—Ni alloy/NF particles with 3,4-ethylenedioxythiophene and pyrrole (PPy-PEDOT)
copolymers in a complex core—shell structure. The conducting network of MWCNTs and
PPy-PEDOT nanofiller improves the impedance matching and interfacial polarization,
making a promising microwave absorber for electromagnetic pollution remediation [52].

3. Common functionalization strategies for the surface functionalization
of ferrite materials

3.1 Coupling method

Nanoparticle functionalization via coupling reaction always occurs in the pres-
ence of a common intermediate to facilitate the energy transfer from one end of the
reaction to another. Chaitali et al. cingulated FA on the CFMNP surfaces after the
activation of FA using 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) in a dimethyl sulfoxide (DMSO) dispersion [8]. FA mol-
ecules were conjugated with different natural cytotoxic drug-encapsulated bovine serum
albumin-calcium ferrite nanoparticles (BSA-CFNP) by the EDC coupling method [18].

3.2 Ligand exchange reaction

It is a post-synthesis surface modification method where the ligands of a pre-
formed material are exchanged with another compound. Rimesh ez al. utilized this
process to exchange OA molecules from the MnFe204@OA nanoparticles with
FA-modified PE hyperbranched polyglycidol (PE-HBPG-FA) [17]. Similarly, Seung
et al. employed the ligand exchange method for nonpolar to polar (water) solvent
phase transfer of manganese ferrites (MnFe,0,) dispersed in hexane into single-
layered poly (ethylene glycol)-coated MnFe,0,. After that, the nano dispersion was
converted into double-layered oleylphosphate(OA)-functionalized MnFe,0, nano-
crystals via ligand encapsulation [53].
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3.3 Polymer encapsulation

Another useful post-synthesis functionalization process is polymer encapsula-
tion. In general terms, encapsulation refers to the process in which a bioactive
material is enclosed in an inert matrix mainly for stabilization purposes [54].
Common polymers like PVP, PEG, and CH coating on ferrite molecules are fabricated
by simple mixing of the reagents followed by the application of ultrasonication or
continuous stirring [28, 30, 34]. Others occur via iz situ polymerization method
initiated by heat, radiation or other materials that can generate the radical reac-
tions. Ammonium persulfate (APS) initiated aniline polymerization reaction in the
presence of powdered CuFe,0, in order to yield highly crystalline PANI/CuFe204
nanocomposite [37]. Polymethacrylate (PMAA) functionalization of nanocrystalline
nickel ferrites (NiFe204) was carried out by potassium persulfate (K,S,0g)-initiated
polymerization reaction in an acidic reaction medium (pH ~ 3) [55]. Magnetoelectric
core-shell nanocarrier for chemotherapeutic drug methotrexate was fabricated
by functionalizing CoFe,0,~BaTiO;, CoFe,0,4-Bi4Ti;01,, and Fe;0,~BaTiO; with
PNIPAm [56].

3.4 Solution casting method

This process is used in thin-film formation mainly for the uniform distribution
of the functionalizing materials in the polymer matrix. It is a convenient laboratory-
friendly process in which polymer film adhesion with the reinforcing material (i.e.,
ferrite NPs in this case) is achieved by dispersing the polymer and NPs in a common
solvent medium. Next, the evaporation of the solvent leaves out the desired polymer-
functionalized nanocomposite [57]. The inclusion of multicomponent CuFe,O,/
Cu,O/CuO NPs in the polymethyl methacrylate (PMMA) matrix was carried out for
enhanced antibacterial properties. The NPs-PMMA dispersion in acetone solution
cast on a slide resulted in an antibiofilm nanocomposite [58]. Jay et al. synthesized
CH-functionalized nanostructured NiFe,O4 (n-NiFe,0,-CH) thin film onto the
indium tin oxide (ITO) glass substrate via this simple method [59].

3.5 Sol: Gel coating

Also known as inorganic sol-gel coating that occurs via successive hydrolysis and
polycondensation of the precursor material (sol) into a three-dimensional continuous
network (gel). This method is preferable due to better control over nanoparticle size
and stability and coating homogeneity [60]. Ashkan et al. synthesized zinc silicate-
coated superparamagnetic zinc ferrite composite using the sol-gel method. In this
work, a simple tuning of pH value into the basic medium of the reacting solution
paved the way for Zn** and Si** ion adsorption onto the cetyltrimethylammonium
bromide (CTAB)-modified surfaces of ZnFe,04 nanoparticles. After that, the interme-
diate CTAB layer was eliminated with the help of ethanol solution yielding zinc silicate
shell over the ZnFe,O, core. Figure 3 shows the rough surface texture and microspher-
ical size (100-300 nm) of the synthesized zinc silicate-ZnFe,0, composite [61].

The sol-gel technique was utilized to yield a uniform coating of nanocrystalline
TiO; shell around the CoFe,0, MNPs core. Wuyou et al. induced the heterogeneous
nucleation of TiO, via a slow and gradual supersaturation of Ti(OC;H;) 4 ethanol in
1:10 water—ethanol suspension of CoFe,0,4 [62].
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Figure 3.
The FESEM micrographs of ZnFe,0, (a) and zinc silicate-ZnFe,0, (b). Copyright: Ceramics international [61].

3.6 Stober method

The Stéber method is a facile process for uniform silica coating on a nanoparticle
surface through a sol-gel strategy. In simple words, ammonia-mediated hydrolysis of tet-
raethoxysilane (TEOS) yields silanol monomers at the nanoparticle surface. After that,
the neighboring silanol monomers are condensed into a siloxane network cluster [63].
Likewise, Kooti et al. utilized this method to coat CoFe,0,4 with SiO,. The inert silica
layer was later used for anchoring a molybdenum Schiff base onto the complex surface
in order to enhance the catalytic activity for the oxidation of alkene. Figure 4 shows the
step-by-step reactions that occurred during the functionalization process [64].

4. Therapeutic applications of functionalized ferrites
4.1 Targeted drug delivery (TDD)

TDD means the focused transportation of therapeutic agents into the diseased
tissue without affecting other organs adversely. The enhanced permeability and reten-
tion (EPR) effect of the drug-conjugated nanocarrier system is a very crucial factor
for TDD [65]. Ferrite NPs with their intrinsic responsiveness toward the external
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Figure 4.
Schematic illustration of the Mo-salenSi@Si-CoFe,0, MNP preparation. Copyright: Catalysis letters [64].
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Time-dependent DOX release profile of FA-coated cobalt ferrite MINPs at (a) pH = 5.5 and (b) pH = 7 as
a function of time under temperatures 37 and 44°C in phosphate buffer solution. Copyright: Chemphyschem [8].

magnetic field smoothen the deposition, accumulation, and controlled release of
immobilized drug to the targeted sites [66]. However, their surface modification
accelerates this process by resisting aggregation, premature leakage of drug molecules,
and removal of the MNPs by the organs via phagocytosis [65]. Figure 5 shows the both
pH- and temperature-responsive DOX release profile of the FA-coated CFMNPs. Here,
FA-conjugation helped to retain the nanoparticles’ stability even after the drug release
experiment. Results showed that the relative drug release amount increased from
~38-60% by decreasing the solution pH from 7 to 5.5. Moreover, the heat generated by
the applied AC magnetic field elevated the amount of released drug up to 95% [8].

FA modification significantly multiplies (~30 folds) the targeting effect of BSA-
CFNP hybrids encapsulating bio-derived polyphenolic drugs hesperidin and eugenol.
The magnetic CFNPs accounted for higher drug encapsulation efficiency (62.94%
for hesperidin and 85.58% for eugenol). The BSA hybridization offered synergistic
pH and magnetic responsiveness to the synthesized nanocarriers and helped the
controlled and targeted release of drug molecules [18]. PEG-anchored CF-DA
nanoparticles exhibited better cellular uptake into the cancerous cell line A549 than
the unanchored ones. Results from the cell apoptosis, ROS generation, and actin
cytoskeleton disruption study showed that CF-DA-PEG is able to produce more free
radicals and cause mitochondrial dysfunction and actin cytoskeleton destruction
inside the A549 cells [28].

4.2 Bioimaging

The magnetic spinel structure of ferrite NPs helps to shorten the spin-spin relax-
ation time (T,-weighted) of surrounding water protons. This improves the contrast of
the magnetic resonance (MR) image while real-time imaging of biological functions.
The main problem here is the pharmacokinetic properties (biocompatibility, circula-
tion time in the bloodstream, targetability, etc.) of the contrast agents [67]. Many
researchers have tried to tailor the surface of the ferrite NPs with suitable function-
alities to overcome this situation. PE-HBPG-FA hybrid-encapsulated MnFe,O, MNPs
are effective T2-weighted MRI contrast agents. This hyperbranched lipopolymer ren-
dered water solubility and biocompatibility, whereas FA introduced tumor cell targe-
tability to the synthesized spinel type MnFe,0,@PE-HBPG-FA MNPs. This composite
exhibited a higher transverse relaxivity value (140.56 mMs™) than conventional
superparamagnetic iron oxides [17]. Disodium tartrate dihydrate (T)-functionalized
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and variable Gd3*-doped MnFe,0, (T-MnGd,Fe, _ ,O,) is an active fluorophore and
possesses magnetic field-dependent photoluminescence (PL) properties. The ligand-
to-metal charge transfer (LMCT) between the small organic ligand T and the dopant
Gd>* causes the high saturation magnetization of TMnGdy joFe; 9004 and a maximum
PL intensity at about 417 nm. Moreover, this magneto-fluorophore showcases mini-
mum cytotoxic effects and first-order degradation kinetics against bilirubin (BR). BR
is a yellowish pigment responsible for hyperbilirubinemia or jaundice [68].

4.3 Biosensor

Functionalized ferrites are used as biosensing materials either by their direct
application onto the transducer materials or by dispersion in the targeted environment
[69]. For example, CH-modified n-NiFe,0, comprises an efficient cholesterol biosensor
in human serum samples. Basically, the biocompatible CH matrix helps in the homoge-
neous dispersion of n-NiFe,O, NPs over the ITO bioelectrode and thus provides an ideal
platform for cholesterol esterase (ChEt) and cholesterol oxidase (ChOx) immobiliza-
tion. Electrochemical response studies prove the faster electron communication, high
selectivity, and repeatability features of ChEt—ChOx/n-NiFe,O4 — CH/ITO bioelec-
trode [59]. Functionalization by a mixture of amine and thiol groups serves as an inter-
mediate layer between the superparamagnetic cobalt ferrite nanoparticle core and gold
nanoparticles’ shell. The investigations by Marcos et al. show that the M, (4NH,-SH) Au
particles are able to immobilize single-stranded peptide nucleic acid (ssPNA) oligomers
for the detection of single nucleotide polymorphisms (SNPs) in DNA [70].

4.4 Hyperthermia for cancer treatment

Hyperthermia treatment (also called thermal ablation or thermotherapy) is a pro-
cess for treating cancerous cells locally under elevated temperatures (41-45°C). Ferrite
NPs are able to produce heat of this temperature range while kept under an external
alternating current (AC) magnetic field due to hysteresis loss and eddy current [8].
PEG-modified cobalt ferrite/hydroxyapatite immobilizing 5-Fluorouracil (FU) drug is
a multimodel nanocarrier for synergistic chemotherapeutic and hyperthermia treat-
ment. The presence of an AC magnetic field causes the heating of the magnetic core
of this nanoparticle, which in turn compels the PEG matrix to release the immobilized
drug molecules into the targeted sites [71]. Prashant ez al. fabricated OA-coated
CoFe,0, NPs for magnetic fluid hyperthermia treatment. OA functionalization
complements the great saturation magnetization and high permeability character-
istics of CoFe,0, NPs with its biocompatibility and high colloidal dispersive nature.
OA-CoFe,0O nanocomposites exhibit reduced hypothermia temperature and magne-
tization values than the unmodified compounds in the water-ethylene glycol fluidic
media [10]. Izabell et al. synthesized azelaic acid (AZA)-encapsulated manganese fer-
rite and zinc ferrite (MnFe,04-AZA and ZnFe,04-AZA) MNPs for high-performance
hypothermic measurement. This hydrophilic outer layer of the MNPs imposes a direct
effect on their high saturation magnetization values at low temperatures [72].

4.5 Tissue engineering

Considering the effect of Zn and Si in healthy bone tissue development and
osteoblastic gene expression, Ashkan et al. formulated a multifunctional core-shell
zinc silicate-ZnFe,0, composite for bone tissue regeneration after implantation. Cell
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compatibility study using osteoblast cell line (MG63) revealed the concentration-
dependent cell viability of the compound. Zn** ions are responsible for the antimicro-
bial nature of the complex against both the Gram-positive and Gram-negative bacterial
strains [61]. Glutaric acid-functionalized cobalt ferrite (CoFe,0,-GAPT) MNPs are
efficient agents for the top-down characterization of phosphoproteins during advanced
disease diagnosis. SDS-PAGE analysis of the MNPs incubated pig cardiac phosphopro-
teins, and comparing the results with other non-treated samples showcased that the
GAPT ligands facilitate the specificity and quantification efficacy of the MNPs [73].

5. Environmental pollution management
5.1 Wastewater treatment
5.1.1 By heavy metal adsorption

Zhiqiang et al. decorated the rice bran-derived biochar with ethylenediamine-
functionalized MgFeAlO, (RB@MgFeAlO,-NH,) MNPs for Ni** elimination from
the wastewater. The amine functionalization enhanced the sorption affinity of RB@
MgFeAlO,-NH, via complexation with the Ni*" ions, whereas the biochar employed
the ion exchange mechanism during the purification process. Ni*'sorption percent-
age is maximum at pH ~ 6 when Ni** ions can be electrostatically attached to the
surface amino groups without the risk of precipitating from the solution [1]. Figure 6
depicts the fabrication of La**-grafted and hexamethylendiamine-functionalized
copper ferrite (CuFe,04-2N-La) MNPs, which also showed high phosphate adsorption
capacity (32.59 mg/g). A comparative study of the Langmuir adsorption isotherms of
CuFe,0, 2N and CuFe,0,-2N-La confirmed that La* ions have exerted a direct effect
on increasing the phosphate decontamination rates from water bodies via the ligand
coordination mechanism [7].

Figure 7 shows the reductive-adsorption and desorption behaviors of MnFe,0O,
MNPs. Bilayered OP-optimized MnFe,0, MNPs exhibit a highly specific sorption ability
for uranium. Here, the unsaturated-unsaturated oleyl carbon chains form a compact layer
around the MnFe,O, particle surface, rendering superior colloidal stability of the MNPs
in aqueous medium. This ordered organic coating of OP utilized both the chemisorption
and reduction of U** into U** to maximize the sorption capacity of the MNPs [53].
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Figure 6.
Synthesis of CuFe,0,-2 N-La and comparison of phosphate adsorption efficiency of CuFe,0 2N and
CuFe,0 -2 N-La using the Langmuir adsorption isotherms. Copyright: Science of the Total environment [7].
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Figure 7.
Illustration of uranium adsorption by the reduction of U®* into insoluble U** (orange) on the surface of
the nanocrystalline MnFe,0,,. Copyright: Journal of Materials Chemistry A [53].

5.1.2 Photocatalytic activity

Tudisco et al. anchored the visible light-sensitive TCPP molecules onto the sur-
faces of ferroelectric bismuth ferrite (BFO) MNPs. The resulting organic-inorganic
composite BFO@TCPP is an efficient agent for the photocatalysis of organic dyes
found in industrial wastewaters. TCPP helps enhance the surface-modified MNPs’
catalytic activity by decreasing its band gap than free BFO and inhibiting raid
recombination of the photogenerated electron-hole pairs. Moreover, the TCPP layer
remained intact even after four degradation cyclic runs, indicating the stability and
reusability of the BFO@TCPP particles [74]. TiO, is arguably one of the best semi-
conducting photocatalysts due to its chemical stability, nontoxicity, and enhanced
photoreactivity. But it suffers from poor separation ability from the treated water.
Wuyou et al. resolved this matter by functionalizing ferromagnetic CoFe,O4 nanopar-
ticles with TiO, nanocrystals in a core—shell structure. The resulting nanocomposite’s
photocatalytic activity can be increased by increasing the percentage of TiO; in
Ti0,/CoFe,04 [62]. GO-modified copper ferrite (GO/CuFe,0,) nanocomposite is
another worthy candidate for water remediation. The electron and hole pairsina

® CuFei04 Pollutants

Figure 8.
Photocatalytic degradation mechanism of MG dye onto GO/CuFe,0,. Copyright: Materials today:
Proceedings [75].
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two-dimensional GO sheet generated by photo illumination are responsible for the
superior malachite green dye (MG) degradability of GO/CuFe,0, (62.37%) from the
polluted water. Here, the magnetic CuFe,O4 merely increased the recyclability of this
photocatalyst (Figure 8) [75].

5.2 Gas sensing

Xingwei et al. coupled the n-type semiconductor copper ferrite (CuFe,O,)
with PANI for the development of a high-performance NH; gas sensor. This binary
nanoformulation exerted a synergistic p-n heterojunction effect by decreasing
the depletion layer, thus improving the response value and recovery time for NH;
detection (Figure 9). The NH;-detecting alarm device constructed based on this
nanocomposite can selectively identify NH; gas of concentration as low as 5 ppm
[37]. Another p-n heterojunction conducting material was synthesized by the in
situ polymerization of PANI on NF nanoparticles for liquefied petroleum gas (LPG)
detection. PANI modification mitigates the high-power consumption problem of
NF. PANI-NF nanocomposite can operate at room temperature and retain its stabil-
ity for over a month [38].

5.3 Supercapacitor (energy storage)

Barkha et al. synthesized glycol-functionalized reduced graphene oxide-cobalt
ferrite (CoF-rGO)-based electrodes for superior energy storage application. CoFe,Oy4
possesses high structural anisotropy and specific capacitance (Cg) necessary for
supercapacitor buildup but lacks in having low electrical conductivity. The glycol
molecules improved the capacitance of CoF-rGO by increasing the surface wettability
of the composite. Additionally, the incorporation of CoF into the graphitized struc-
ture facilitates the interlayer migration of ions by generating electric double layer
during the intercalation-deintercalation process. As a result, rGO and CoF synergisti-
cally helped to retain 98% capacitance of the synthesized electrode material even
after 2000 charge-discharge circles [76].
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Figure 9.
Schematic illustration of the p-n heterojunction between PANI and CuFe,O,. Copyright: Sensors and
actuators: B. Chemical [37].
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Similarly, NiFe,04 MNPs suffer from low power performance despite being
anode materials in pseudocapacitor devices. For this reason, Neha et al. utilized a
covalent functionalization process using aryl diazonium salt to restore the interfacial
stability of the MNPs. The modified NiFe,O, MNPs showcase strong metal-ligand
bonds that eventually assist their overall magnetic and electrochemical behavior.
Electrochemical studies showed that the diazonium-functionalized pseudocapacitor
electrode exhibits substantially higher specific capacitance (~1279 Fg™') than bare
NiFe,O4 and (~82-90%) after 2000 cycles [77].

6. Conclusion and perspectives

For successful therapeutic and environmental application of surface-functionalized
ferrite nanoparticles, a clear understanding of the interaction between the functionaliz-
ing materials and the MNPs is crucial. Functionalization of the MNP surface effectively
enhances the homogeneous dispersion, pH and temperature responsiveness, cellular
uptake ability, and biocompatibility of ferrites for biomedical applications. However,
for environmental protection management, introducing a new component onto the
ferrite NPs surface would increase their sorption affinity, catalytic activity, recyclabil-
ity, and specific capacitance according to the properties of the incoming materials.
Therefore, it is very reasonable to think that functionalized ferrites hold great poten-
tials. However, researchers need to be focused on fabricating multifunctional compos-
ites for synergistic drug delivery, tissue regeneration, and real-time bioimaging. When
it comes to the practical applications using different biosafe compounds for different
purposes that will significantly decrease the administration frequency, immunotoxicity
and genotoxiciti, and the overall cost of the treatment. Similarly, for environmental
protection, the designed models should be one-pot products, batch-to-batch reproduc-
ible, and easily quality controllable. Otherwise, industrialists and related policymakers
would not be encouraged to adopt the green technology offered by these functionalized
ferrite compounds. Finally, with the fast-paced experimental growth, it is time to con-
centrate on the commercialization of these materials. Several iz vivo preclinical as well
as clinical adaptations for the systematic validation of MNPs are currently in motion,
and hopefully, we will witness the results very soon.
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Abstract

Recently, ferrite nanomaterials have emerged as a potent entrant in the biomedical
field, especially in diagnosing and treating cancer in various organs because of their
low toxicity, favorable magnetic properties, and biocompatibility. The conventional
chemotherapy used for cancer treatment suffers from a deep setback because of the
associated severe side effects produced in cancer patients during the treatment, such
as bone marrow depression, hair fall, kidney damage, heart problems, neurologi-
cal disorders, and others. Hence, in this context, ferrite nanomaterials provide the
benefits of targeted delivery of a cytotoxic anticancer drug(s) to the specific tumor
site using an external magnetic field, causing minimal side effects on healthy tissues.
Another important benefit of using these nanomaterials lies in their ability to enhance
the water solubility of hydrophobic drugs in order to extend the prolonged circula-
tion of drugs in the blood and also to prevent fast renal excretion. Therefore, in this
chapter, we will address the recent status and progress of ferrite-based nanomaterials
in cancer therapy and will also cover the major challenges that hinder their translation
from research to clinic.

Keywords: ferrite nanomaterials, cancer, nanomedicine, magnetic targeting, progress
and challenges

1. Introduction

The interdisciplinary approach of nanomaterials brings researchers from physics,
chemistry, and biology to put equal effort into synthesizing, understanding, and
proceeding for various applications, from electronics, health, and environment to
energy and information technology [1-5]. In this context, advancement in nano-
technology boosts human society with improved attributes of nanotechnological
products. Nanomaterials are ultrafine particles of nanometer dimension (at least
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one dimension within 1-100 nm) with altered physico-chemical properties than
macromaterials [6]. The magnificent properties of these nanomaterials provide a
better future for their use in different diverse fields when compared to their bulk
counterpart of the same composition because of the modified surface-to-volume ratio
and tunable surface features [7, 8]. Among these, magnetic nanostructured materi-
als (MNMs) have appeared as a robust entrant in the field of material synthesis and
engineering because of their stupendous applications in the biomedical field, data
storage, electronic devices (microwave, radiofrequency, and optoelectronics devices)
[9-11], environmental remediation (catalysts, hydrogen storage), and others [12, 13]
as summarized in Figure 1.

Furthermore, in the biomedical field, especially in the diagnosis and treatment of
cancer, MNMs have gained proficient attention because of their excellent magnetic
property and biocompatibility [14, 15]. The biomedical applications of MNMs rely
on their ferromagnetic or superparamagnetic nature. This is because of the fact that
in using an external magnetic field, these MNMs can be used for targeted delivery
and release of anticancer drugs at the specific disease site. MNMs can be used for
hyperthermia therapy, and they can also be used as a magnetic contrast agent in
MRI diagnostic. For effective in vivo applications, such MNMs should be stable in an
aqueous medium at physiological pH (7.4) and should be biocompatible [16-18]. In
general, MNMs intended for iz vivo must be conjugated or coated with a biocompat-
ible polymer-like dextran, polyethylene glycol (PEG), polyvinyl alcohol (PVA), Poly

Figure 1.
Schematic representation of few technological applications of magnetic nanostructured materials.
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D, L-lactic-co-glycolic acid (PLGA), and others during or after the synthesis process.
Such type of surface-coated polymers on the MNMs helps to overcome the formation
of large aggregates and also facilitates biodegradation when exposed to a biological
system [19].

In a study from the International Agency for Research on Cancer (IARC), nearly
10 million cancer deaths were reported alone in 2020. Among all cancer cases, breast
cancer tops the position with 684, 996 deaths in 2020 [20]. In recent times, similar to
breast cancer, other types of cancer, such as lung, colon, and prostate cancer, have also
been identified as one of the most fatal diseases with an alarming mortality rate across
the globe. To date, the major prevention of cancer relies on early diagnosis, surgery,
radiation, and drug therapy; however, once the cancer cells start metastasizing, drug
therapy (chemotherapy) remains to be the only available option. However, chemo-
therapy seriously fails to meet the expected outcome in cancer patients, owing to its
severe healthy tissue toxic effects. Many cancer patients even fail to complete chemo-
therapy regimens because of unbearable side effects, including immune suppression,
risk of heart attack, hair fall, kidney problems, and others. It would not exaggerate
to claim that the toxicity of conventional drug therapy is directly attributed to the
off-target distribution of anticancer drugs to healthy tissues [21]. Hence, the main dif-
ficulties of cancer treatment lie in the cancer cell-specific delivery of cytotoxic drugs
with diminished side effects. Consequently, in recent years, major efforts have been
devoted to develop and design novel drug carriers that will overcome the downsides
of conventional chemotherapy.

Many novel drug carriers, such as nanoliposomes [22], polymeric nanoparticles
[23], carbon-based systems [24], gold nanoparticles [25], and others, have been
reported over the past few years to enhance treatment outcomes in cancer patients.
Despite the development of numerous types of nanocarrier for cancer therapy,
magnetite (Fe30,), manganese ferrite (MnFe,0,4), and cobalt ferrite (CoFe,0,)-based
MNMs because of their biocompatibility, favorable magnetic properties, higher
chemical stability, ease of surface modification, and others are deliberated preferable
over other nano drug carriers for tumor cell-specific delivery of cytotoxic anticancer
drugs [19, 21]. MNMs provide the benefits of targeted delivery of anticancer drug(s)
to the specific tumor site by applying an external magnetic field, causing minimal
side effects on healthy tissues [19, 25]. Another important benefit of using such
MNNMs lies in their ability to enhance the water solubility of hydrophobic anticancer
drugs, extend the prolonged circulation of drugs in the blood, and also prevent fast
renal excretion [26, 27]. The nanoscale dimensions of the MNMs allow them not only
to pass through the narrowest blood vessels but also to cross through cell membranes
(paracellular transport) [21]. The present chapter deals with recent developments
in the ferrite-based nano drug carriers investigated over the past years for cancer
therapy. Along with some light has also been thrown on the challenges associated with
MNNMs for their clinical feasibility and large-scale technology transfer.

2. Anticancer drug delivery through magnetic nanocarriers/magnetic
drug targeting

The drug-targeting concept for the cell-specific treatment of cancer has been
a widely expanding field in medical science research. The idea of “magnetic drug
delivery” by employing MNMs as drug carriers was proposed at the end of the
1970s by Widder and Senyei et al. [28, 29]. Despite the development of various
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nanocarriers, magnetic-mediated drug nanocarriers are becoming increasingly
popular for the targeted delivery of cytotoxic anticancer drugs. Here, the therapeutic
agents are encapsulated or attached to MNMs using a polymeric layer, which are
then guided to the target site using an external magnetic field. The advantages of
using these polymers include helping in the conjugation with the biological ligands
for better tumor specificity and also enhancing the circulation time of MNMs in the
blood (increased half-life) [19, 25]. A variety of anticancer drugs, such as cisplatin,
methotrexate, danorubicin, doxorubicin, and paclitaxel, have been loaded into the
organic/inorganic scaffold of surface-modified MNMs for drug delivery application.
MNMs have the ability to carry a large dose of anticancer drug to attain high, local
concentration, and avoid other inimical side effects resulting from high drug doses
in other healthy tissues of the body. The low-cost factor and the simple synthesis
technique further add value for their future large-scale production. After entering
the body, MNMs can be directed to a specific solid tumor site under the influence of
an external magnetic field. For use in the biomedical field, MNMs of homogeneous
size and uniform shape are required [30, 31]. At the same time, good crystallinity
and phase control of MNMs are also desired. MNMs must also have biocompatibility,
good thermal stability, and suitable magnetic moment. MNMs can be coated with
biomolecules or biodegradable polymers to increment the residence time in the
blood circulation systems or to make them interact with a cell or a biological entity
[19]. Drug-loaded MNMs are injected into laboratory animals (rats/mice) via an
intravenous (IV) route. Around the tumor location, an external magnetic field is
then applied where the maximum amount of the administered drug is supposed to
be localized under the influence of the applied magnetic field. The drug from MNMs
is then released by the enzymatic activity or changes in temperature/pH or other
physiological conditions [32]. Furthermore, the smaller size of MNMs possesses

Magnt;t:c field Malignant cells

Skin

Blood flow

AR
SPIONs conjugated
with drug molecules

Figure 2.
Schematic representation of magnetic drug targeting under the influence of an external magnetic field.
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many additional benefits, such as increased internalization across fenestrated tumor
vessels, smart escape from RES uptake, improved blood circulation, and others [15].
The size and surface charge of MNMs have robust effects on the pharmacokinetics
and the bioavailability of the loaded cargo within the body. The first phase clinical
trial of magnetic targeting was performed in cancer patients using epirubicin-loaded
MNMs [33]. The mechanism of drug targeting by ferrite-based nanocarriers at tumor
locations has been represented in Figure 2.

3. Design of MNMs for biomedical applications

For drug delivery applications, the used MNMs consist of several including
magnetic core, outer coating, and surface functional groups. A proper selection of
magnetic core is essential, which defines the capabilities of the system, for example,
heating; sensing, and others. The core portion of the MNMs should have a homo-
geneous size and uniform shape with a superparamagnetic or ferromagnetic nature
[25, 34]. The superparamagnetic behavior ensures that the MNMs exhibit zero
remanent magnetization when there is no applied field and a high magnetization
under an externally applied magnetic field. Proper surface modification of MNMs
is crucial to retain their colloidal stability and biocompatibility in any biological
environment [35]. In selecting a magnetic core, a few key features such as particle
size, functionality, stability, biocompatibility, and superparamagnetic nature are
usually taken into consideration. The size distribution of the MNMs must be as
small as possible (about 10-200 nm) having a monodisperse pattern. This is because
all the physicochemical and magnetic properties strongly depend on the size and
morphology of the MNMs. The hydrodynamic size of MNMs (which includes the
total diameter of MNMs and the protective coating thickness) is also crucial for
improved blood circulation time. Various kinds of inorganic materials, such as
pure metal, metal alloys, iron oxide, and core-shell structures, have been explored
for biomedical applications. Among MNMs, transition metals such as Fe, Co, Ni,
and Mn are good options because of their high magnetization values, which is one
of the key parameters for high performance hyperthermia and MRI applications.
However, they are unstable and easily oxidized during synthesis time [7, 8]. These
unavoidable problems make them unsuitable for biomedical applications. However,
iron oxide-based magnetic nanoparticles such as magnetite (Fe;04) [36, 37], cobalt
ferrite [38, 39], manganese ferrite [40, 41], and zinc ferrite [42, 43] have received
substantial attention for their promising application in biomedical fields. This is
because of their biocompatibility and biodegradability along with their optimum
magnetic property. Iron oxide nanoparticles (IONP) are stable and have good
magnetization. It has an outstanding chemical stability, superb electrical insulation,
moderate saturation magnetization, and a high Curie temperature. The similarity
in magnetic behavior and other properties of both magnetite and maghemite make
them difficult to distinguish. Fe;0, has an inverse spinel structure where Fe*” ions
are occupied by octahedral sites, and Fe*? ions are equally distributed between
octahedral and tetrahedral sites and can be represented by [Fe’*] A [Fe**, Fe**]BO..
In Fe;0,, there is an equal number of Fe*? jons in the octahedral and tetrahedral
sites, which compensate for each other, and the resulting magnetization arises only
from the uncompensated Fe* ions in octahedral sites. However, maghemite (which
has the same spinel structure as magnetite) forms as a result of the oxidation of
magnetite and contains only Fe*” ions distributed randomly over the octahedral and
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tetrahedral sites. The magnetization of maghemite arises from uncompensated Fe*®
ions [44, 45]. The cation distribution in the tetrahedral and octahedral sites strongly
depends upon the methodology adopted for the synthesis. The other alternative fer-
rites, namely, cobalt ferrite, manganese ferrite, and zinc ferrite are also investigated
for various types of biomedical applications. Here, Fe” ions are fully or partially
altered by transition metals such as (M = Co, Mn, and Zn) in spinel structure, then
they are represented by the general formula MFe,0,. Currently, more than 20,000
studies on IONPs have been reported, wherein the number of papers and biological
effects of other MNMs, such as CoFe,0,, MnFe,0,4, and ZnFe,0,4, were less.

4. Synthesis of nanostructured magnetic materials

Over the past few years, considerable efforts have been devoted to the preparation
of MNMs and understanding their properties for utilizing them in different areas of
application. It is well-established that for a nanoparticle system, the physicochemical
properties along with its biological fate strongly depend on the chemical composition
and morphology of the particles, which are very sensitive to the synthesis route and
surface engineering strategy of the given nanoparticle. Therefore, it is very crucial
for controlling the synthesis conditions and surface engineering of MNMs, which
governs their physicochemical properties, colloidal stability, and biocompatibility.
Although numerous techniques have been reported for the synthesis of a wide variety
of magnetic nanoparticles, some of the techniques are single-step, whereas others are
multi-step techniques. All these techniques have both advantages and disadvantages,
and none of these shows an authentic solution for all types of MNMs. Thus, one has to
consider whether the chosen route is suitable for synthesizing the specific MNMs in a
given environment using the available instrumental and synthesis facilities. Most of
the synthesis techniques involve simple, basic inorganic chemistry methods. Instead
of discussing all synthesis routes, here, we only discuss the synthetic procedure
and its corresponding formation mechanism of co-precipitation and hydrothermal
techniques. These chemical routes can be used to prepare steady and size-controlled
MNMs when compared with other physical methods, such as gas-phase deposition.

4.1 Co-precipitation method

This method is one of the simplest techniques for synthesizing MNMs. The IONPs
can be prepared using the method of precipitation from aqueous solution contain-
ing ferric and ferrous salts (in a 2:1 stoichiometric ratio) at a temperature (70-90°C)
under an inert atmosphere by the addition of a base. The size and morphology of
MNNMs strongly depend on the type of salts, such as chlorides, sulphates, nitrates, and
others, Fe’* to Fe** concentration ratio, reaction temperature, and pH of the solution
[46, 47]. The pH of the solution during formulation development usually remains
between 9 to 14 [48, 49]. The chemical reaction for this process can be expressed as
Fe®* + 2Fe®* + 8OH™ = Fe;0, + 4H,0.

Magnetite is not stable enough and easily converted into maghemite in the pres-
ence of oxygen. The chemical reaction is written as Fe;0, + 2H" = Fe,0; + Fe?* + H,0.
The surfaces of MNMs are coated with organic polymers during the precipitation
process to prevent the oxidation caused by air, as well as the formation of aggre-
gates. MNMs with broad particle sizes having irregular morphology are prepared
by this technique. However, the preparation of mixed oxide via this technique is
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less straightforward because the different metals precipitate at different pH values.

In this synthesis technique, only kinetic factors control the growth of the crystal.
However, getting a narrow size distribution with a homogenous shape is a challenging
task using this synthesis route. In terms of simplicity, the co-precipitation method is
considered a preferred route for IONP synthesis.

4.2 Hydrothermal method

Like the co-precipitation technique, hydrothermal method is relatively less
explored for the synthesis of MNMs, although it allows the synthesis of high-quality
particles. Polar solvents, such as water, methanol, or isopropanol as well as organic
solvents, are used in this technique. The MNMs are formed by the dissolution and
crystallization mechanism. In this technique, mixture consisting of FeCls, ethylene
glycol, sodium acetate, and polyethylene glycol is stirred vigorously to form a clear
solution, then sealed in a Teflon-lined stainless steel autoclave, and heated to and
maintained at (130-250°C) temperature for 8 to 72 hours [8]. The precursor solu-
tion is poured into the Teflon chamber in such a way that 80% of it is filled. Finally,
the temperature of the autoclave is allowed to cool down to room temperature and
the resultant supernatant solution is washed to remove unused surfactants, impuri-
ties, and unreacted precursors. Here, ethylene glycol is used as a high-boiling point
reducing agent, sodium acetate as an electrostatic stabilizer to prevent particle
agglomeration, and polyethylene glycol as a surfactant against particle agglomeration
[8]. The parameters, such as heating temperatures, reaction timings, and the ratio of
the precursor to surface coatings, are tailored to obtain biocompatible MNMs with
various sizes and shapes. In this way, different types of MNMs can be fabricated with
tunable sizes with a high degree of crystallinity [50, 51]. Other metal oxide nanopar-
ticles can be also prepared using this technique.

5. Stabilization of nanostructured magnetic materials

Stability is a pivotal requirement for almost any technological application of
MNMs. Bare MNMs tend to agglomerate and form clusters in order to reduce their
large-surface area-to-volume ratio. Therefore, the protective coating of MNMs is a
mandatory requirement to achieve good colloidal stability with non-agglomerated
particles. This is usually done by developing a core-shell structure, wherein the bare
MNDMs can be coated with a material forming a shell, hence, isolating the magnetic
core from the outside environment. MNMs can be coated using an organic or inor-
ganic material. For organic coating, organic materials including polymers, oleic
acid, oleylamine, dodecyl amine, and others are used. For coating with inorganic
components (viz. silica, carbon, and Au), and others are used. For polymer coating
of MNMs, natural polymers, such as chitosan, starch, dextran, albumin, and others,
and synthetic polymers such as PEG, PVA, PLGA, and others can be employed. To
avoid agglomeration, the surfaces of MNMs are passivated by polymer coatings. Here,
the polymers are adsorbed on the surface of MNMs by forming a single or double
layer. This layer causes steric repulsion to balance the magnetic and the van der Waals
forces acting on the particles. MNMs stabilized by polymers are not stable in air and
can be easily separated by acidic solution, affecting their magnetization value. At
higher temperature, polymer-coated MNMs exhibit low intrinsic stability, which
can even be enhanced by a possible catalytic action of the metallic cores. Therefore,
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non-polymeric coated materials are sometimes a better choice instead of polymer-
coated materials to provide better colloidal stability and prevent agglomeration of
MNMs.

6. Recent research findings on MNMs in drug delivery system

The idea of “magnetic drug targeting” by employing MNMs as drug carriers
to specific tumor sites was proposed by Widder and Senyi in late 1970 [28, 29].
Following their early investigations, the anticancer efficacy of this approach was
proved in several minor animal tests against various types of malignancies, such
as lung, breast, prostate, and brain cancer and even resulted in a limited number
of animal studies [52]. Despite these efforts, however, this technique has yet to be
standardized at the pre-clinical level. One of the primary reasons is that present
MNMs have limited payload capacity because payload can either be affixed to the
surface or incorporated in the double-layer covering that surrounds MNMs. Lubbe et
al. conducted the first animal MNM investigation, in which tiny volumes of ferrofluid
were utilized as delivery systems to concentrate epirubicin in tumors [33]. The study
found that there were no significant anomalies caused by the ferrofluid. Therefore,
it was determined that the magnetic fluid was safe and could be utilized to treat
cancer. According to the findings, the same study team conducted Phase I and Phase
IT clinical studies between 1996 and 2001 [33, 53]. The outcomes showed that patients
tolerated magnetic drug targeting with epirubicin well; and that in around 50% of
patients, the nanoparticles were successfully targeted to the tumors. Methotrexate-
conjugated IONPs were created by Kohler et al. [53] and have the potential to serve as
drug carriers in controlled drug release as well as contrast-enhancing agents [54].

Superparamagnetic CoFe,04 NPs coated with folic acid were created by Mohapatra
etal. [54], and their anticancer effectiveness was tested on HeLa cells. They noticed
that CoFe,04 NPs did not significantly alter the proliferation at concentrations up to
20 mg/mL in comparison with the control, indicating the nontoxicity of CoFe,0, NPs
[55]. According to Georgiadou et al. [55], CoFe,04 NPs with oleylamine dramatically
lowered their toxicity in normal cells when compared to malignant cells [56].

RBCs and polymorphonuclear (PMN) leukocytes from human blood, as well as
an 8-week-old Swiss male mice, did not exhibit any in vivo or in vitro toxicity when
exposed to spherical CoFe,O4 NPs with a size of 20 to 100 nm, according to L.F.
Cotica et al. [56]. No discernible toxicity was seen in studies of in vitro toxicity on
RBCs and PMN leukocytes for periods of 24 and 6 hours at concentrations of 0.02,
0.01, 0.005, and 0.0025 mg/mL [57].

Because of the increased hyperthermia and coercivity created by mixing the
magnetic component (Co) with Fe;04 in Matsuda et al’s [57] study, spermine-coated
CoFe,0, nanoparticles exhibit more potent anticancer activity against the MCF-7 cell
line than the Fe;0, NPs [38].

CoFe;O, NPs were developed hydrothermally by Ansari et al. [38], and their
anticancer activity against MCF-7 cells and healthy cells was studied. According to
their research, CoFe,04 nanoparticles were harmless for normal cells and only weakly
anti-proliferative against MCF-7 cells [58]. The L-cysteine coating improves the col-
loid stability and biocompatibility of CoFe,04 NPs according to Wang et al. [58]. They
claimed that CoFe,0, NPs coated with L-cysteine could transport doxorubicin at a
concentration of 0.62 mg/mg in the form of a nanocarrier. They also demonstrated
that medication release is almost twice as great under acidic circumstances as it is in
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neutral ones. Additionally, their findings showed that even at concentrations as high
as 150 g/mL, HeLa cells only exhibited around 10% of the expected rate of apoptosis
after 24 hours of incubation [59].

Similar to this, Fan et al. [59] suggested using silica-coated CoFe,O,NPs as a
targeted nanocarrier for DOX delivery to the HeLa cell line. They demonstrated
the pH dependence of the nanodrug delivery system’s drug release performance
and its rise with a lowering pH value [60]. Docetaxel-loaded PLGA-PEG-based
CoFe,04 nanodrug delivery system was created by Panda et al. [15] who also tested
the in vitro cytotoxicity against the MCF-7 and MDA-MB-231 breast cancer cell
lines. Drug-loaded NPs were reported to have respective ICs values of 15.58 g/ml
and 14.05 g/ml against MDA-MB 231 and MCF-7 cell lines [15]. To test the system’s
potential for magnetic drug targeting, Gaihre et al. [60] synthesized doxorubicin-
loaded IONPs in gelatine [61]. In a research on drug release under various pH
conditions, an acidic medium showed a persistent pattern of drug release compared
with a neutral media.

In the transport of docetaxel to prostate cancer cells, Ling et al. [61] established
PLGA-based IONPs functionalized by PEG [62]. Their research showed that the
formulation had improved drug release characteristics and increased drug loading
effectiveness (6.08%). They concluded by saying that these nano-drug formulations
would be appealing for future nanomedicine development of multifunctional vesicles
for simultaneous targeted imaging and drug delivery vehicles for prostate cancer
treatment.

Because of the considerable cellular absorption of nanoparticles on CT-26 (Colon)
cell line and their magnetic characteristics, Schleich et al. [62] demonstrated that
paclitaxel-loaded PLGA-based Fe;0, NPs might be employed as tumor-targeting MRI
contrast agents [63]. Future nanomedicine applications might combine molecular
imaging, drug delivery, and real-time treatment response monitoring because of the
NPs’ multifunctionality. Maghemite NPs with a silica coating were made by Rudzka
etal. [63], and then they were functionalized with gold [64]. Using a magnetic drug
delivery device, they saw a maximum loading of 80 mol/g for doxorubicin. The
cytotoxicity investigation also showed that a medication delivery method based
on maghemite is more effective against colon cancer than against liver cancer. By
developing iron oxide-based PLGA NPs, Zhou et al. [64] hypothesized that these
microspheres may be employed as contrast agents for dual imaging and to improve
the effects of high-intensity focused ultrasound ablation on liver tissue [65].

Curcumin-loaded chitosan-modified Fe;0, NPs were generated by Pham et al.
[65], and their anticancer effectiveness against the A549 cell was examined. The ICs
value for the A549 cell was 73.03 g/ml. The findings demonstrated that the altered
Fe;0, NPs might be utilized as a nanodrug carrier for the treatment of cancer [66].
Cui et al. [66] generated magnetic PLGA NPs modified with transferrin receptor-
binding peptides by co-encapsulating MNPs with a dual medicine (paclitaxel and
curcumin). Comparing the dual-targeting effects with the non-targeting NPs, they
found that cellular uptake studies showed a > 10-fold increase, and brain delivery
showed a > 5-fold improvement [67].

A hydrophobic surface on a magnetic nanocarrier of Fe;0, was created by
Pourjavadi et al. to enable the adsorption of significant quantities of anticancer medi-
cines [68]. To increase the colloidal stability and biocompatibility, the drug-loaded
magnetic nanocarriers were coated with an alginate polymer shell. Additionally, they
noted that alginate shells are removed from nanocarrier surfaces in acidic media,
resulting in a higher rate of drug release than in neutral media wherein alginate shells
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are stable. To improve the delivery of docetaxel to breast cancer cells, Panda et al. (2018)
created a PLGA-PEG-based Fe;04 nanodrug delivery system [19]. Drug-loaded NPs
were found to have an IC50 value of 18.4 g/ml. The proposed nanodrug formulation dis-
played acceptable cytotoxicity against MCF-7 cells and a predominate uptake by MCF-7
cells throughout a 0.5-hour incubation period. Additionally, the team investigated the
in vivo pharmacokinetics of docetaxel-loaded Fe;0, in comparison with the drug’s free
form. The cytotoxic efficiency of curcumin-loaded PLGA-Fe;0, microspheres against
HeLa (cervical cancer) cells was enhanced in comparison with the bare curcumin and
magnetic microspheres according to Ayyanaar et al. [68]. They suggest using magneti-
cally tailored medicine delivery devices using their magnetic nanocomposite [68].
Doxorubicin-loaded PLGA-Fe;0, core-shell nanocomposite was created by Zhu et
al. [69] and was employed as a dual drug delivery method and an MPI quantification
tracer. Using the nanocomposite injection, observing the drug release, and evaluating
the resulting tumor cell mortality, they also carried out iz vivo drug release monitor-
ing in a cancer treatment context using a mouse breast cancer model. Compared with
existing monitoring techniques, this study offers a better method for iz vivo drug
release monitoring. A pancreatic cancer cell line and an orthotopic xenograft mouse
model were used by Khan et al. (2019) to examine the effectiveness of the curcumin-
loaded Fe;04 NPs to overcome gemcitabine resistance and enhance its therapeutic
potential [70]. Their findings showed that gemcitabine and curcumin-loaded Fe;O,
NPs had powerful synergistic effects in suppressing human pancreatic cancer cells as
well as cancer stem cells. One significant advancement is the development of targeted
drug delivery systems using ferrite-based nanoparticles. These nanoparticles can
be functionalized with specific ligands or antibodies that selectively bind to cancer
cells, allowing for targeted delivery of therapeutic agents directly to the tumor site.
This approach minimizes off-target effects and improves the efficacy of treatment
while reducing systemic toxicity [71]. Ferrite NPs can generate heat when exposed
to an alternating magnetic field. This property has been utilized in hyperthermia
therapy, wherein the nanoparticles are selectively delivered to the tumor site and
then heated to induce localized tumor cell death. Recent studies have demonstrated
enhanced therapeutic outcomes by using ferrite nanoparticles with improved heating
capabilities and biocompatibility [72]. Recent progress has focused on developing
ferrite-based nanoparticles with enhanced imaging capabilities, such as improved
signal intensity and prolonged circulation time. These advancements allow for better
visualization of tumors and monitoring of treatment response [73].

7. Challenges of magnetic drug targeting

* Biocompatibility and toxicity: Ferrite nanoparticles need to be biocompatible
to ensure minimal adverse effects on healthy tissues. Their potential toxicity,
particularly when used at high concentrations or for long durations, requires
careful evaluation and optimization.

¢ Pharmacokinetics and biodistribution: Understanding the behavior of ferrite
nanoparticles in vivo, including their pharmacokinetics, biodistribution, and
clearance pathways, is crucial for safe and effective therapeutic applications.
Addressing concerns related to long-term stability and potential accumulation in
organs is essential.
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Scalability and manufacturing: Developing scalable synthesis methods for fer-
rite nanoparticles with consistent size, shape, and surface properties is essential
for clinical translation. The cost-effectiveness of large-scale production should
also be considered.

Clinical translation: Although preclinical studies have demonstrated promising
results, clinical trials are necessary to assess the safety, efficacy, and long-term
outcomes of ferrite-based nanoparticle therapies. Regulatory and approval
processes need to be navigated to bring these therapies to the clinic.

Combination therapies: Integrating ferrite-based nanoparticles with other
treatment modalities, such as chemotherapy, immunotherapy, or radiation
therapy, requires careful optimization and understanding of synergistic effects,
dosing regimens, and potential drug interactions.

Tumor heterogeneity: Cancer is a highly heterogeneous disease, and the
efficacy of ferrite-based nanoparticle therapies may vary across different tumor
types and subtypes. Tailoring treatments to individual patient characteristics and
addressing interpatient variability pose significant challenges.

Stability and controlled release: Ensuring the stability of ferrite nanoparticles
during storage and transportation, as well as achieving controlled release of
therapeutic payloads, remains a technical challenge that needs to be overcome.

Addressing these challenges will pave the way for the successful implementation

of ferrite-based nanoparticles in cancer therapy. Continued research, interdisciplin-
ary collaborations, and advancements in nanotechnology will be crucial to overcome
these obstacles and fully realize the potential of ferrite-based nanoparticles for
improved cancer treatment.

8. Conclusion

Although substantial progress has been achieved in the case of in vivo applica-
tions, to date, confirmed clinical studies are still complicated. Various basic issues

such as the size, controlled synthesis, stability, biocompatibility, drug release capacity

in physiological conditions, drug-MNMs binding, and others need to be solved. In

conclusion, the potential of ferrite-based nanoparticles for improved cancer therapy

has shown promising progress in recent years, but several challenges lie ahead for

their practical application. The use of ferrite nanoparticles in cancer therapy offers
several advantages. These nanoparticles possess unique magnetic properties, such as
high magnetic saturation and superparamagnetism, which allow them to be easily
manipulated using external magnetic fields. This characteristic enables targeted drug
delivery and localized hyperthermia, leading to enhanced therapeutic outcomes
while minimizing side effects. Additionally, the surface of ferrite nanoparticles can be
modified to attach targeting ligands, antibodies, or drugs, enabling specific target-
ing of cancer cells and reducing off-target effects. Recent research has demonstrated
the efficacy of ferrite-based nanoparticles in various cancer treatment strategies.
Magnetic hyperthermia, for instance, utilizes the heating effect generated by fer-

rite nanoparticles under an alternating magnetic field to selectively kill cancer cells.
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Moreover, the ability to load and deliver chemotherapeutic drugs directly to tumors
through magnetic targeting has shown improved drug efficacy and reduced systemic
toxicity. However, several challenges need to be addressed before ferrite-based
nanoparticles can be widely implemented in cancer therapy. One significant obstacle
is the limited understanding of the complex interactions between nanoparticles and
biological systems. The nanoparticles’ behavior iz vivo, including their biodistribu-
tion, clearance, and potential long-term toxicity, requires comprehensive investiga-
tion. Further studies are necessary to assess the safety and biocompatibility of these
nanoparticles. Ferrite-based nanoparticles hold immense potential for improved
cancer therapy. Their unique magnetic properties, coupled with targeted drug deliv-
ery and hyperthermia capabilities, offer new avenues for personalized and effective
treatment. However, addressing the remaining challenges, such as biocompatibility,
synthesis scalability, and regulatory considerations, is crucial for realizing the full
clinical potential of these nanoparticles in cancer therapy. Continued research and
collaborative efforts are needed to overcome these obstacles and pave the way for the
successful implementation of ferrite-based nanoparticles in cancer treatment.
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Chapter 5

Correlation between Low Field
Microwave Power Absorption and
Soft Magnetic Properties of Ferrites
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Abstract

We describe studies on ferrites that use the Low Field Absorption (LFA) tech-
nique. These are made in soft magnetic polycrystalline ferrites magnetite, garnet iron,
and nickel-zinc ferrite, where we show LFA spectra, highlighting their main charac-
teristics and illustrating how magnetic phase transitions and magnetic anisotropy are
detected employing these measurements. In this chapter, we also present a review of
ferromagnetic resonance (FMR) studies in ferrites. Ferromagnetic materials exhibit
various behaviors when subjected to ac magnetic fields, such as domain wall relaxa-
tion (DWR) and FMR. For instance, most ferrites generally find DWR at relatively
low frequencies, below 10 MHz, while FMR must satisfy the Larmor equation. Micro-
wave power absorption can be associated with magnetization processes as a function
of dc fields, such as LFA and FMR. Microwave absorption centered at zero magnetic
fields has been observed in various materials: superconductors, ferrites, and semi-
conductors. For ferrites, the LFA signal with the same phase of the ferromagnetic
resonance follows the thermal behavior of the magnetization. For magnetically
ordered materials, the LFA signal is evidence of the existence of a ferromagnetic
phase, this signal is not present in the paramagnetic state, and it appears as the
temperature is decreased below Curie temperature.

Keywords: soft ferrites, low field absorption (LFA), ferromagnetic resonance (FMR),
phase transition, magnetically modulated microwave absorption spectroscopy
(MAMMAS)

1. Introduction

Ferrites are a group of magnetic ceramic oxides containing the ferric ion Fe?* in
their structure and a divalent (M?*) or trivalent rare earth (R*>*) cation. Accordingly,
to their crystal structure, ferrites can be classified as spinels (MFe,0,4), garnets
(R3FesOyy), perovskites (RFeO3), or as hexagonal structures related to the
magnetoplumbite mineral (MO-6Fe,03) [1, 2]. This diversity in composition and
crystal structure provides a broad spectrum of magnetic and electrical properties
which can be tuned and engineered for electronic and biomedical applications.
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This chapter will focus on soft magnetic ferrites such as the spinel [3] and the
garnet crystal structure [4, 5]. These ferrites are characterized by their high magnetic
permeability, high electrical resistivity, and moderate permittivity from dc to GHz
frequencies [6]. Soft ferrites are applied in electronic devices of high frequency [7]
due to their ability to interact with dc and ac magnetic fields for transporting infor-
mation or energy [6, 7] and by shielding electronic components from undesirable
electromagnetic interference (EMI) [8].

The applicability of the soft ferrites is associated with the magnetic susceptibility (y)
or its magnetic permeability (u, = p/py = 1+ x). As well as soft ferrite is anisotropic,
losses, and dispersive media; their magnetic permeability is a complex quantity and
depends on the temperature (T'), magnetic field frequency (®), strength and direction
(H), and stress, where the characterization of y(w) as a function of the frequency is
fundamental for the development of applications based on soft magnetic materials.
Also, the measurement techniques of u(w) concerning magnetic fields, frequency, and
temperature are valuable tools that provide a vision into the magnetic ordering, mag-
netic couplings, anisotropies, energy losses, and phase transitions in magnetic materials.

This chapter is dedicated to the microwave characterization of the soft magnetic
ferrites magnetite (Fe30,4), nickel-zinc ferrite (NZFO: (Niy, Zn;_,)Fe,0,), and
yttrium iron garnet (YIG: Y3FesO1;). The focus of this chapter will be on the charac-
terization of these systems and their magnetic anisotropies and phase transitions using
the microwave power absorption techniques that historically are known as Ferromag-
netic resonance (FMR) [9, 10], Low field absorption (LFA) [11] and magnetically
modulated microwave absorption spectroscopy (MAMMAS) [12].

1.1 Soft magnetic materials under alternating magnetic fields

Ferromagnetic materials exhibit various behaviors when subjected to ac magnetic
fields, ranging from domain wall relaxation (DWR) to ferromagnetic resonance
(FMR). At radio frequency, in the 10>°~10° Hz range, the changes in magnetic perme-
ability are mainly associated with the movement of domain walls (DW), where this
process can be modeled to assume that DW moves like an elastic membrane driven by
an externally applied ac field. In this model, it is assumed that the DW can be
elastically deformed by the amount x(¢) in response to an ac field Hoe “*; this process
is described through the differential equation [1, 13]:

mi + px + ax = 2MHge ™" (1)

Where m is a domain wall effective mass per wall surface area, f is a magnetic viscous
damping factor, and a is a restoring constant, similar to a deadened harmonic oscillator.
Eq. (1) can exhibit relaxation or resonance of domain walls depending on the ratios of
constants m, a, and f. By defining the resonance wy = /a/m, and relaxation w, = a/f
frequencies, it is possible to explore the DW dynamics as the damping and restoring
parameters vary.

Figure 1 shows the calculated complex inductance (L * (w)) spectra for ferrite
samples characterized by different ratios of relaxation to resonance frequencies.
Inductance is directly proportional to magnetic permeability L * (o) = Gop* (»),
where Gy is a shape-dependent geometrical factor. This behavior goes from a
relaxation-driven process toward a resonance-dominated one as the relaxation
frequency becomes larger than the resonance one.
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Figure 1.
Calculated complex inductance L (w) spectra for ferrites with different ratios of relaxation to resonance
frequencies.

1.2 Microwave power absorption techniques

The volumetric density of the microwave power absorbed by a magnetic sample is
directly related to the electrodynamic properties of the material and is given as
[14, 15]:

O 2 (Bl + " Eucl + o ) @)

Where w is the angular frequency of the electromagnetic radiation, ¢” is the
imaginary part of the electric permittivity, and " is the imaginary part of the mag-
netic permeability. Each term at the right side of the equation corresponds to losses
due to the Joule effect, dielectric, and magnetic mechanisms, respectively.

Microwave power absorption can be measured as a function of the radiation
frequency (@) with the DC magnetic field (Hpc) constant; or as a function of Hpc
under a fixed microwave frequency. The first kind of measurement, broadband FMR
[16, 17], requires a microstrip line or coplanar waveguide setting for transporting the
microwave field. In this setup, the sample is mounted onto the waveguide, and the
reflected and absorbed waves are analyzed while the system is kept under a fixed DC
magnetic field Hpc.

In the second type of FMR setup [17, 18], the sample is mounted inside and in the
center of a resonant cavity coupled to a microwave source through a magic-T bridge.
The Microwave absorption is obtained by analyzing the reflected wave from the
sample-loaded cavity due to a change in the quality factor (Q), and later it is guided to
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|

Figure 2.
Schematic distribution of (a) magnetic and (b) electric field lines inside a cylindrical TE,,, microwave cavity.
Adapted from [20].

a crystal detector using a microwave circulator. These microwave measurements are
performed under a fixed frequency while varying the DC magnetic field (Hpc). It is
necessary to mention that as the resonant cavity and the waveguide are designed for
specific microwave bands, e.g., X-band (8.8-9.8 GHz), they only allow for a small
frequency variation, meaning that they need to be changed each time a different
measuring frequency is required.

The kind of microwave absorption techniques employed in this chapter (FMR, LFA,
and MAMMAS) were implemented with resonant cavities in the TEq;; mode [12, 17,
19], where the sample is placed at a maximum magnetic field (H,.) and a minimum
electric field (E,.), see Figure 2. This setup holds that |E,.| << |"H,|, so the magnetic
losses dominate over the dielectric losses. Also, for most non-metallic magnetic samples,
the electrical conductivity is minimal; therefore, the Joule effect losses are minimal. So,
the main contribution comes from magnetic losses, reflecting the high-frequency col-
lective response of the ordered electron spins on the material.

Most of the results discussed in this chapter were obtained in an electron para-
magnetic resonance (EPR) spectrometer JEOL JES-RES3X (see Figure 3). It is also
necessary to mention that microwave absorption is modulated by a magnetic field
(Humoa) of 100 kHz and is generated by Helmholtz coils on each side of the cavity.
Therefore, the spectrometer signal is detected through the method of detection-
homodyne with lock-in amplification, i.e., the output signal of the spectrometer
(Semr) is proportional to the magnetic field derived from the microwave power
absorption of the sample at a given microwave frequency (w), modulation field
(Hynoa) and temperature (T') conditions [21]:

daP
SrMR = (—> 3)
dH @,H ou, T

1.2.1 Fervomagnetic resonance (FMR)

The ferromagnetic resonance (FMR) phenomenon is the resonant absorption of
microwave energy due to the Larmor precession of the magnetic moment in a material
(Figure 4). The Larmor frequency gives FMR condition [9, 10, 22]:
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Figure 3.

Block diagram for implementing FMR, LFA, and MAMMAS techniques in a JEOL JES-RES3X spectrometer at
X-band. Adapted from [12, 20].

wo = yuoHo 4)

Here, y = &2 = 1.76086 x 10" 24 (y /27 = 28.25 GHz/T) is the gyromagnetic ratio
of the electrons, g is the Landé- factor of the electrons, and Hy is the resonance field of
the system.

The magnetization process at microwave frequencies can be modeled via the
Landau- Lifshitz-Gilbert (LLG) equation [23]:

dM o = ag (o dM
oﬁ—y”oMXHOJrM(MXOZt) (5)

Here, a¢ is the dimensionless Gilbert damping parameter, which describes the
relaxation of magnetization during Larmor precession.

LLG equation describes the dynamical response and relaxation of magnetization
under given conditions of dc (Hp¢) and ac (H,,) fields. Because of the magnetic
ordering, the effective field experienced by the magnetization is given by the
superposition of the applied DC field and the internal field of the material:

Ho = Hpc + Hjs (6)

The internal field (H;,) represents the restoring torque effects experienced by the
magnetic moment 7 due to crystal anisotropy(H ), demagnetizing fields (Hp),
exchange coupling interaction (H;), and magnetoelastic effects (H,). Therefore, the
changes in the resonance field are due to sample orientation, chemical composition,
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Figure 4.
Schematic representation of the Larmor precession. A magnetic moment 1 describes a precession cone around the
magnetic field H, and absorbs the transverse microwave field h,. Adapted from [9].

microstructure, and temperature, providing rich information about the internal field
of magnetic materials.

Also, FMR experiments allow for obtaining dynamical information regarding the
magnetic relaxation of materials via the analysis of the FMR linewidth.

It can be shown that, near the resonance field, the real (y’) and imaginary (")
components of the magnetic susceptibility can be approximately described by the
Lorentzian resonance curves [22]:

/o rM; b
Lr <2aGw) 1+ @
" rM; 1
~ — 8
“ <2aGw) 1+ @)
H—(o/y

With the parameter f = —~ ) for FMR measurement at a constant frequency.
AHpwnm of the imaginary part (y”) is related to the Gilbert damping parameter by the
relation [22]:

20cw

)

AHpwam =

Egs. (7)-(9) indicate that a smaller Gilbert damping factor makes the microwave
absorption peak value more intense and concentrated in a small field interval. Else, as
ag increases, the absorption takes place into a wider field interval with a lower peak
value.

1.2.2 Low field absorption (LFA)

LFA technique refers to the microwave absorption observed around zero DC
magnetic field within a typical field width of yyHpc = £100mT. LFA
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measurements are performed in the typical microwave cavity setup for electron
paramagnetic resonance (EPR) spectroscopy (Figure 3). EPR spectrometer is
equipped with a zero-field cross-unit which compensates for the remanence of the
electromagnet, then allows precise measurements at small field values near zero
[11, 20].

The typical LFA signal may exhibit hysteresis, observed in superconducting and
magnetically ordered materials [11, 12]. So, the LFA signal is associated with the
absorption dynamics of microwaves for fluxoid tubes in High-T, superconductors and
the interaction of microwaves with magnetic moments in the magnetic domains for
ferromagnetic materials [12, 24].

LFA signal only appears below the corresponding Curie temperature Tc, a signa-
ture of the collective spin ordering in magnetic materials [25-28]. In magnetic mate-
rials, the hysteresis in the LFA signal has been associated with magnetization
processes occurring in the magnetic domains of the non-saturated state [29]. Experi-
ments on nickel samples [29] and amorphous cobalt-rich ribbons [30] also suggest
that the LFA signal is heavily correlated with materials anisotropy and demagnetizing
fields.

1.2.3 Magnetically modulated microwave absorption spectroscopy (MAMMAS)

Magnetically modulated microwave absorption spectroscopy (MAMMAS) [11, 12],
or MFMMS (Magnetic field modulated microwave spectroscopy) as it is called in
other works [15], is the study of the losses of the microwave power absorption as
temperature function at a fixed magnetic field value (Hpc). So, the MAMMAS signal
is the magnetic field derived from the microwave power absorption, measured at a
fixed magnetic field (Hpc), as a temperature function:

dp
MAMMAS = (dH) w,HDc(T) (10)

It is necessary to mention that the FMR and LFA spectra are measured at a fixed
temperature. However, the MAMMAS signal can be measured under a continuous
temperature scan. Therefore, the MAMMAS technique is ideal for studying phase
transitions in magnetic materials [15, 20]. The high sensitivity of this technique to
detect the magnetic phase transitions is associated with the changes in electromag-
netic properties of the materials with long-range electronic ordering. As this ordering
is destroyed by thermal energy, marked changes exist in the electrical conductivity,
permittivity, and permeability of materials during a phase transition. Finally,
according to Eq. (2), changes in these properties affect the microwave power absorp-
tion of the magnetic medium.

2. Microwave power absorption studies in soft magnetic ferrites

Microwave power absorption techniques like FMR, LFA, and MAMMAS have been
applied for various studies about magnetic ordering, phase transitions, and anisotropy
characterization on soft magnetic ferrites. Here, we present a survey on the studies
carried out in magnetite, nickel-zinc ferrite (NZFO), and yttrium iron garnet (YIG)
employing these techniques.
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2.1 Magnetite (Fe30,)

Magnetite (Fe;0,) is the natural form of iron oxide and is considered a typical
ferrite material. It crystallizes in the inverse spinel structure, whose general formula is
represented by AB,O,. This structure belongs to the high symmetry space group Fd3m
(No. 227), and the unit cell has a lattice parameter of ay = 8.3967A [31]. The spinel
structure is formed by a closed cubic packing of oxygen anions with cations distrib-
uted between tetrahedral or A-sites and octahedral or B-sites. In a normal spinel, the
divalent cation occupies the A-sites, while trivalent cations occupy octahedral B-sites
as represented by: (A*) [B**,]0,4. However, the magnetite is an inverse spinel, where
the A-sites are occupied by half of the ferric ions while the B-sites contain the other
half of Fe®" ions and the ferrous Fe®* cations. Then, cationic distribution in magnetite
corresponds to (Fe3*) [Fe**Fe**]0,.

Magnetite has a low-temperature phase transition known as the Verwey transition
[32-35], where the magnetite has a low crystal symmetry, i.e., goes changing from the
cubic Fd3m space group to a monoclinic structure (space-group Cc) when cooling. This
phase transition is also accompanied by an ordering change phenomenon of the ferric and
ferrous ions in octahedral sites, and it is manifested as a sharp increase in the electrical
resistivity of the magnetite at T = T'y = 122 K [33, 36]. In this transition, by diminishing
the temperature, the metallic conductive cubic phase changes toward a monoclinic insu-
lator phase. This low symmetry phase (Figure 5) is described by a superstructure where
the 8 tetrahedra and 16 octahedral sites become non-equivalent among them [36].

The Verwey transition has been studied by different techniques [37], such as
electrical resistivity, magnetoresistance [38], infrared and Raman spectroscopes [39],
X-Ray diffraction (XRD), magnetometry, susceptibility, Méssbauer spectroscopy,
calorimetric, nuclear magnetic resonance (NMR), and X-ray resonant absorption
[32, 33, 37]. Also, FMR, LFA, and MAMMAS techniques have been applied to study
this phase transition [24, 40].

In an earlier FMR study [41] on magnetite single crystals at X-band and K-band
(18-26.5 GHz), the disappearance of the FMR signal has been observed at T' = T'y for
X-band measurements. Furthermore, it could be interpreted as an increased Larmor
frequency far above the X-band frequency range. This increase in FMR frequency is
attributed to the larger anisotropy change of the monoclinic phase, which is added to
the internal field in the magnetite (Eq. (6)).

More recently, the broadband FMR technique was used for studying the Verwey
transition in an epitaxial magnetite film grown on MgGa,0,4 (001) substrates [42].
FMR linewidth and the Gilbert damping showed an abrupt increase below the
Ty = 110 K, which is consistent with the expected crystal anisotropy change in the
[010] direction.

FMR experiments were carried out in magnetite nanopowders, see Figure 6, fol-
lowing the Verwey transition through the changes in the resonance field (H,) and
peak-to-peak linewidth (AH,,) in these spectra [40], where AH,,and H, have a
minimum and an inflection point near the Ty (Figure 7), respectively.

As is known, in the limit of independent, non-interacting particles, the FMR
linewidth is proportional to the anisotropy field, i.e., AH,,xH [43]. So, the minimum
in the FMR linewidth occurring before the Verwey transition can be associated with
the isotropic point (T}, &~ 130 K [33]) in the magnetocrystalline anisotropy field for
the cubic phase of magnetite, where K; passes through zero and changes to a positive
sign for Ty < T < T, (Figure 8). In this way, the AH,, minimum occurs due to the
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a)

Figure 5.
Crystal structures of magnetite in the a) high symmetry phase (FEd3m) for T> Ty, and b) in the low symmetry
monoclinic phase (Cc) for T < Ty.
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Figure 6.
EMR spectra in magnetite nanopowders for selected temperatures. Adapted from [40].

nearly zero crystalline anisotropy in magnetite before the Verwey transition, and the
residual linewidth reflects the contribution of crystalline defects, electric losses, and
dipolar coupling in the nanopowders.

LFA and MAMMAS techniques have been applied for studying the Verwey transi-
tion in bulk and nanopowders magnetite samples. Figure 9a shows LFA spectra in
bulk magnetite samples at several temperatures. The linewidth (AHyrs) and the
enclosed area (Apra) of the LFA signal showed a very similar temperature depen-
dence. AH; s showed a minimum of 126 K, which was associated with the minimum
in anisotropy. On further cooling, AHr4 begins to grow again due to the increase in
anisotropy of the monoclinic phase.

In nanoparticles [40], LFA spectra can be described by a superposition of two
components, one with hysteresis convoluted with a linear one. As is shown in
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magnetocrystalline anisotropy constant (K,-filled squares). Data were interpolated from reference [33].

Figure 9b, the slope of the linear component increases with temperature, showing a
significant step at T > 137 K, which has been associated with the onset of the change in
electron dynamics in B-sites.
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MAMMAS response for (a) bulk and (b) nanopowders magnetite samples. Adapted from [24, 40], respectively.

MAMMAS spectra for bulk [24] and nanopowders [40] for magnetite samples are
shown in Figure 10a and b, respectively. In both MAMMAS spectra, an increment in
the microwave absorption is observed, due to an increment in the absorbing centers’
quantity and which produces an increase in the magnetoconductance of the samples,
until reaching a maximum value. Later, the MAMMAS spectra diminish, and this
behavior is associated with a decrease in the quantity of absorbing centers by the
process of antiparallel spin alignment. It is necessary to mention that in the bulk
sample, MAMMAS response increases to low temperatures due to an increase of the
magnetocrystalline anisotropy in the magnetite monoclinic phase.

Wampler et al. [15] used the MAMMAS technique for studying the Verwey tran-
sition in magnetite epitaxial film growth onto MgO (001) substrates. They also
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provided electromagnetic modeling to explain the changes in microwave absorption
for magnetite epitaxial films as a temperature function. In their model, the changes in
MAMMAS spectra (renamed as magnetic field modulated microwave spectroscopy,
MFMMYS) are associated with changes in the magnetic moment and the magnetore-
sistive behavior of magnetite. MAMMAS measurements were performed under dif-
ferent DC magnetic field (Hpc) values in their work, producing a family of MAMMAS
curves. These responses were mainly associated with changes in the magnetic moment
field derivative and then with the differential susceptibility (y = 41), where the peak
feature was mainly due to the magnetoresistive effect in magnetite.

2.2 Nickel-zinc ferrites (Ni; ,Zn,)Fe,0,4

Nickel-zinc ferrite (NZFO: (Ni;_y,Zny)Fe,0,) is a solid-state solution whose
final members are the nickel ferrite (NFO), a ferrimagnetic inverse spinel ({ Fe
[ 1 Fe* 2 Ni**]0% ,; and the zinc ferrite (ZFO), which is a direct spinel with an
antiferromagnetic order at low temperatures (Zn**) [T Fe** L Fe**]10%7, [1, 44, 45].
The resulting mixed spinel ferrites have a complex cation distribution represented by
(Fe3*, . Zn*)) [Fe3*, , ([Ni** ]O0* .. Having a higher electrical resistivity (10°Q'm),
NZFO is applied in electronic devices at frequencies between 1 and 500 MHz [2].

The magnetic properties of NZFO can be finely tuned by changing the Zn** content,
as shown in Figure 11. Being diamagnetic, when Zn**content increases, the magnetic
moment in the A-sites is diluted. Also, the A-B superexchange coupling interaction
between magnetic ions in A- and B-sites is weakened with increasing x, and it causes a
non-collinear magnetic ordering. This magnetic order type is known as Yaffet-Kittel
(YK), which, as a first approximation, can be regarded as a triangular ordering of
magnetic moments between one A-site and two adjacent B-sites [46]. The YK angle
increases with x until it reaches 90° for ZFO. So, in magnetization experiments for
NZFO, an initial increase up x = 0.4-0.5, was observed while M; decreases for larger Zn
content. On the other hand, the absolute value of the first anisotropy constant decays
continuously with x because Ni** is the main source of crystalline anisotropy in this
system. Finally, NZFO with x > 0.8 are paramagnetic at room temperature.

Figure 12 shows the extended field microwave absorption (EFMA) measurement.
LFA signals more FMR spectrum for bulk powders (Figure 12a) and nanocrystalline
thin film (Figure 12b) in NZFO samples with x = 0.65 [47]. The presence of the FMR
signal at high fields and hysteresis around zero applied field due to LFMA are observed.
For the bulk powders and thin film of NZFO, the resonance fields are H, = 23200e and
H, = 24800e, respectively, where this difference may be attributed to the nanocrystal-
line microstructure of the film. Also, the larger FMR linewidth can be due to the stress
induced by the interphase between the ferrite and substrate in the thin film.

FMR, LFMA, and MAMMAS studies have also been reported for sintered NZFO
samples with x = 0.65 [27, 28]. The microwave absorption dynamics in these samples
were interpreted in terms of the temperature dependence of the YK angle at low
temperatures [27], while on heating, the changes were due to the Curie transition at
T = 430 K [28].

In a polycrystalline NZFO sample, the FMR spectrum showed the ferrimagnetic to
paramagnetic transition at T = 430 K, where the shift in resonance field toward the
free electron value is because the internal field vanishes, see Figure 13a. Also, AH,,
decreased with the temperature, Figure 13b, where a kink in the linewidth versus
temperature curve was observed at T and an inflection point at Ty = 240 K.

3+)
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The variation of the saturated magnetization (M Red circles) and the absolute value of the magnetocrystalline
anisotropy constant (K,.- blue squarves) for NZFO as a function of the zinc content (x). With data from [1].
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The extended field microwave absorption in NZFO with x = 0.65 for (a) bulk powders and (b) thin film samples,
where LFA signal is evident around H = o Oe. Adapted from [47].

On cooling the polycrystalline NZFO sample, MAMMAS response decreased, with
a minimum at Ty, = 240 K, followed by an increase to low temperature. By correlating
the microwave absorption on NZFO with the energy changes due to YK ordering, it
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was possible to reproduce the main features of the MAMMAS spectrum [48].
The changes in magnetic permeability produce the MAMMAS signal due to the
thermal evolution of exchange coupling in the NZFO sample, see Figure 14.

On the other hand, the LFA spectrum showed the development of a second com-
ponent with an opposed phase at T' < 239 K, see Figure 15 (up). The onset of this
second mode in the LFA spectrum coincides quite well with the T, = 240 K value
observed in MAMMAS measurements. Finally, on heating, the LFMA spectrum van-
ishes for T > T¢ = 430 K, see Figure 15 (down).

The study of microwave absorption processes at low magnetic fields is also crucial
for developing some applications of soft ferrites for those applications that are
expected to operate magnetic devices under small or zero applied fields. Lutsev and
Shutkevich [49] reported broadband FMR measurements at 50 MHz-4.0 GHz fre-
quencies in Mn-Zn and Ni-Zn ferrite nanocomposite films. Under these conditions,
FMR absorption appears at Hpc < 500 G, and a significant superposition of LFA and
FMR signals is expected. By manipulating the initial demagnetized state with a
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Figure 13.
Temperature dependence of (a) H,.; and (b) AH,, in the 200—440 K temperature range for the polycrystalline
NZFO sample. Adapted from [20].
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Figure 14.
MAMMAS response for the polycrystalline NZFO sample. Adapted from [20].
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Figure 15.
LFA spectra of the polycrystalline NZFO sample in the 362—408 K (down) and 208-261 K (up) temperature
ranges. Adapted from [20].

triangular ac field of low frequency (1 Hz), it was possible to change the absorption
levels of the ferrite nanocomposites. This effect was due to the narrowing of the
distribution of nanoparticle orientation due to the action of the triangular ac field.

2.3 Yttrium iron garnet (YIG)

YIG (Y3FesO;,) is a synthetic magnetic oxide that was independently discovered
by Bertaut and Forrat [50], Pauthenet [51], and Geller and Gilleo [52] between 1956
and 1957. YIG adopts the garnet crystal structure, which belongs to the high symmetry
space group Ia3d (No. 230). Its large unit cell (a9 = 12.376A) is described as a bee
arrangement of three kinds of polyhedral units, named octahedral (16a), tetrahedral
(24d), and dodecahedral (24c), as represented in Figure 16. While the large dodeca-
hedral site accommodates the Y3* ion, the ferric ions distribute between octahedral
and tetrahedral sites in a 2:3 ratio.

YIG has remarkable magnetic, electric, and magnetic optical properties, which are
the basis for its applications in microwave devices for radar and telecommunications
[5]. Also, YIG is a soft magnetic material with a low magnetocrystalline anisotropy with
cubic anisotropy constants K; = —610 J/m?and K, = — 26 J/m> at 300 K [53]. This
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Figure 16.
Schematic representation of the crystal structure for yttrium iron garnet (YIG), where it is shown the coordination
polyhedral for octahedral (green), tetrahedral (magenta), and dodecahedral (yellow) sites.

behavior is due to the ferric ions, which have a spectroscopic term °S meaning that they
have a minimum spin-lattice coupling. YIG is also a good insulator with p ~10°Qem at
300 K [54] because it only contains trivalent cations, avoiding electrical conduction via
an electron hopping mechanism. Its small anisotropy, along with the very high electrical
resistivity, gives single crystal YIG the lowest known Gilbert damping factor, being as
low as ag = 1.3 x 10~*; this manifest with the smallest know FMR linewidth (FWHM)
of AH = 0.52 Oe (0.052 mT) reported by LeCraw (Figure 17) [55].

Since their discovery, YIG has been one of the most widely studied materials under
the FMR technique. Experiments for measuring its linewidth and damping [56, 57],
the power saturation effects, the excitation of spin waves [5, 58-60], and spin
pumping [61], and spin-torque transference [62] have been reported.

Although the single crystals and the micrometer-thick epitaxial films have smaller
values of linewidth, this parameter is extremely sensitive to microstructure, pores,
and magnetic impurities. YIG has been used as a model for studying the FMR relaxa-
tion mechanisms in magnetic materials. The difference in FMR properties between
single crystals and nanocrystalline YIG materials can be huge, while epitaxial thin
films growth onto GGG (100) substrates can exhibit linewidth and damping with low
values as AH = 1.2 — 2.0 Oe and ag = 2.2 x 10~* [63]; the nanocrystalline films
growth onto Si (100) can have linewidths as large as AH = 100 — 400 Oe,
corresponding to Gilbert damping factors of about ag ~ 2 x 1072 — 1 x 107! [64].

LFA signal in YIG samples has a much lower amplitude, and its linewidth is smaller
than in the FMR spectra (AHII;;;A < AHZ;/IR). The recording of LFA signals in YIG

samples usually needs higher powers and gain levels. That is the consequence of the
weaker magnetocrystalline anisotropy of YIG as compared with spinel ferrites, so the
initial magnetization processes involved in LFA hysteresis play a minor role in the
softer garnet ferrite.

A comparative study of the microwave absorption between micropowders and
nanopowders in the YIG samples was presented by Sanchez MH et al. [65], where

102



Correlation between Low Field Microwave Power Absorption and Soft Magnetic Properties...
DOI: http://dx.doi.org/10.5772 /intechopen.1002347

3000 -

r

: 2000 -

1000 -

b)

3

.

T 0

: (
—~

o

T

3390 3395 3400 3405 3410
H (Oe)
Figure 17.

EMR spectrum for a single crystal YIG sphere measured at 9.3 GHz with Hpc applied parallel to the [100] axis.
(a) Imaginary permeability representation with data interpolated from LeCraw [55]. (b) Numerically calculated
field derivative. The linewidth in (a) is AH = 520 mOe, equivalent to AHp, = 130 mOe in the dP/dH

representation.

the representative FMR spectra are shown in Figure 18. The nanopowders in YIG
samples show evidence of superparamagnetic (SPM) behavior, which is evidenced
by vibrant sample magnetometry (VSM); also, by their nearly constant resonance
field because it does not change with the temperature, and it is centered at H, = 3330
Gauss.

In contrast, the micropowders in the YIG particles exhibit magnetization curves
with hysteresis, and a much more complex thermal dependence of their FMR param-
eters, as expected for magnetic ordering. H, in nanopowders increases with tempera-
ture due to thermal energy weakening of the internal field in the YIG sample. Also, the
linewidth decreases with temperature because of magnetocrystalline anisotropy and
long-range dipolar interactions, which are proportional to M.

As stated before, the LFA signal is a signature of magnetic order in the
materials, as we show by the contrast between the FMR and LFA absorption
spectra in YIG particles of micrometric and nanometric dimensions [65]. When
both LFMA signals are compared, see the insets in Figure 18a (up) and 18b (down)
found that the magnetically ordered micrometer-sized YIG particles have an LFA
signal with evident hysteresis around zero magnetic fields. Conversely, YIG
nanoparticles only exhibited a linear LFMA response with no hysteresis and just a
constant slope, which slowly decreases with temperature in coherence with their SPM
nature.

103



Applications of Ferrites

a) 0.5 _; 0.041
— s
3 < 0.00
3 =
& -0.04 {
T 0.0 1000 500 0 500 1000
© H (Oe)
o
©
-0.5
0 1000 2000 3000 4000 5000
b) — 0.04
s
=051 4 0.00 » -MW
© 4 -
I : I B +
S
o
T
-0.5 ! .
0 1000 2000 3000 4000 5000
H (Oe)
Figure 18.

FEMR spectra for (a) micro powders and (b) nanopowder of the YIG samples at 300 K, and their respective LFA
signals are shown in the insets. Adapted from [65].

3. Conclusions

Microwave power absorption techniques like FMR, LFA, and MAMMAS are useful
for characterizing magnetic ordering, couplings, and anisotropies in soft magnetic

ferrites.
In magnetically ordered materials, the presence of the LFA signal is considered

a signature of the onset of magnetic ordering. The magnetization processes in
unsaturated magnets produce hysteresis on the LFA spectrum. So LFA measurements
are useful for detecting magnetic phase transitions and following magnetic anisot-
ropies.

MAMMAS signal is originated from the magnetic field dependence of conduction
and magnetization process, while the electric polarization process plays a minor role
whenever a cylindrical microwave cavity is implemented.
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Chapter 6

Comparison of Magnetic and
Electrical Properties of Manganese-
Doped Cobalt Ferrite Nanoparticles

Md. Ziaul Ahsan

Abstract

Cobalt ferrites have been regarded as one of the competitive candidates in diversified
applications because of their tailored electrical and magnetic properties by tuning struc-
tural parameters with doping of transition and/or rare earth elements. To meet the ever-
growing technological demands, varieties of new compositions of cobalt ferrites with
diverse properties are continuously developed and produced through different synthetic
routes across the globe and are made available to the consumers. In the recent past, three
compositions of manganese-doped cobalt ferrite nanoparticles have been developed
through a solid-state reaction route by using the planetary ball milling technique. In this
chapter, a comparison on their novelty in respect of their magnetic and electrical prop-
erties is made to spot their possible applications. Besides, few suggestions have been put
forwards for further investigations to meet the challenges in the days to come.

Keywords: permeability, magnetic modulus, permittivity, electric modulus,
resistivity, impedance spectroscopy

1. Introduction

Cobalt ferrite (CoFe,0y4) is a ceramic metal oxide having an inverse spinel struc-
ture with the basic composition formula (B)Tet [AB]©*0,. Its tetrahedral and octahe-
dral sites are formed by oxygen ions in a face-centered cubic crystal structure. Fe**
ions occupy the tetrahedral site, and Fe** and Co”* ions occupy the octahedral site in
equal proportionate. This cobalt ferrite exhibits the property of an electrical insulator
and magnetic conductor/semiconductor similar to ferrite materials with a large num-
ber of diversified applications. An excellent ability to incorporate metals ions in its
lattice attracts materials scientists to synthesize and optimizes them with new inter-
esting properties. The manganese-doped cobalt ferrites mostly demonstrate magnetic,
electrical, and catalytic properties, which are correlated to their structural properties.
The doping of metallic ions having an ionic radius less than unity (<1 A) changes the
structural and morphological properties in the doped cobalt ferrites [1-3]. The cation
distribution over the tetrahedral and octahedral sites governs tuning and/or tailoring
the structural properties of the doped cobalt ferrites that in turn lead to change their
magnetic, electrical, and catalytic behavior. This distribution of cations depends on
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various factors like the size of the dopant ion, charge possessed by the dopant ion, site
preference of the dopant ion, synthesis technique, preparation conditions, heat treat-
ments, and the extent of dopant. Besides, the particle size plays a significant role to
change the structural, morphological, magnetic, electrical, and catalytic properties of
doped cobalt ferrite nanoparticles [4, 5]. Over the years, cobalt ferrites doped with
transition (TE) and rearearth (RE) elements have been synthesized by various tech-
niques and optimized for multifarious applications. Recently, nanoparticles of cobalt
ferrites doped with metallic ions have received renewed attention from the scientific
community across the globe to optimize them in medical science, catalyst, environ-
mental, and sensor applications [6-12]. By the time, a series of investigations on
structural, electrical, and magnetic properties of manganese-doped cobalt ferrite
nanoparticles were reported with composition formulas Co;_Mn,Fe,0y,
CoMn,Fe,0,, and Co;,Mn,Fe, ,O,, where x refers to the concentration levels,

0.125 <x <0.5. In the first composition, manganese (Mn) was substituted for cobalt
(Co), and in the second composition, Mn was substituted for Iron (Fe). Both of them
were stoichiometric compositions. In the third composition, Mn substituted for Fe,
but the same concentration/amount of Co was added in this composition to make this
system a non-stoichiometric one [3, 4, 13-23]. The main purpose of this chapter is to
consolidate and make a comparison of the obtained results to focus their possible
applications in light of their electrical and magnetic properties and also suggest further
investigations. In this chapter, significant structural, magnetic, and electrical proper-
ties of manganese-doped cobalt ferrite nanoparticles with stoichiometric and non-
stoichiometric compositions have been discussed along with their possible applica-
tions considering their academic and research values.

1.1 Theoretical aspects
1.1.1 Solid-state reaction and its mechanism

Solid-state reaction simply refers to all solventless processes leading a solid reac-
tant to a solid product [24]. It occurs within the rigid constraint environment of the
crystal lattice. The solid-state reaction provides the extreme case for evaluating the
effect of intermolecular forces on a reaction and their influence on reaction mecha-
nism and direction. The confined environment of the reactant crystal lattice can
control the kinetic features of a reaction and hence the nature of the products. This
solid-state reaction can take place with minimum requirements of energy and atomic
or molecular motions according to the topochemical principle, proposed by Cohen
and Schmidt. The advantages of solid-state reactions are as follows: (i) the atom
economic nature of the solid-state reactions and the limited formation of side prod-
ucts, (ii) no solvents are required in the reaction so no waste disposed of issue
associated with the solvent comes out. As such products do not require vigorous
purification, (iii) the constrained environment can lead to novel chemical reactions,
and (iv) this reaction is a bit faster than others [25]. To understand the mechanism of
the solid-state reaction, let us consider the thermal reaction of two crystals of com-
pounds A and B, which are in intimate contact across one face as shown in Figure 1.
When no melt is formed during the reaction, the reaction has to occur initially at the
points of contact between A and B compounds and later by diffusion of the constitu-
ents through the product’s phase. Hence, there will be two stages in the solid-state
reaction, namely:
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Figure 1.

Sc;f;lmatic diagram of the mechanism of solid-state reaction. (i) The first stage of the reaction is the formation of
nuclei of the product phase C at the interface between A and B. After nucleation of product C has occurred, a
product layer is formed as shown in b. (ii) At this stage, there are two reaction interfaces, one between A and C and
another between C and B. For further reaction to occur, counter-diffusion of ions from A and B must occur through
the existing product layer C to the new reaction interfaces.

As the reaction progresses, the product layers become thicker, which result in
progressively longer diffusion paths and slower reaction rates because the product
layer between the reacting particles acts as barriers. So, the reaction is controlled by
the lattice diffusion and the rate law has a parabolic form and is given by & = xx 7,
where x is the amount of reaction, which is equal to the thickness of the growing
product layer. Ions are normally regarded as being trapped on their appropriate lattice
sites, and it is difficult for them to move to the adjacent sites. Only at very high
temperatures, the ions have sufficient energy to diffuse through the crystal lattice. As
a thumb rule, two-third of the melting temperatures of one constituent is sufficient to
achieve diffusion sufficiently and hence to enable the solid-state reaction. From this
discussion, it is clear that the reaction between two solids may not occur even if
thermodynamic considerations favor the product formation. So, three important fac-
tors influence the rate of reaction between solids as (i) the area of contact between
reacting solids and hence their surface area, (ii) the rate of nucleation of the product
phase, and (iii) the rate of diffusion through the product’s phase. However, apart from
the problems arising from the nucleation and diffusion, this method suffers from
several additional disadvantages such as: (i) the undesirable phase may be formed,
(ii) the homogeneous distribution of dopants sometimes is difficult to achieve,

(iii) there is a limited possibility to monitor the progress of the reaction, (iv) because
of this difficulty, mixtures of reactants and products are frequently obtained, so
separating the desired products from the mixture is generally difficult, and (v) in
many systems, the reaction temperature cannot be raised as high as necessary for the
reasonable reaction, because one or more components of the reacting mixture may be
volatile. So, it is necessary to optimize critical parameters. A variety of techniques are
there for achieving the products by this solid-state reaction. Despite some
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disadvantages like the irregular shape of the particle, the possibility to be infected by
impurities, ball milling is a versatile and cost-effective technique owing to having
control over the particle size to some extent by the milling time [26].

1.1.2 Basics on ferrite structure

The spinel is any of a class of minerals, whose name coined from the mineral spinel
MgALOj3. The general formula of the spinel is given byA?"B3" 0%~ when it is crystal-
lized in the cubic (isometric) crystal systems. In it, the oxide ions (anions) are
arranged in a cubic close-packed lattice. A and B are the cations bearing charges 2*
and 3" to have it overall charge neutral. The cations A and B occupy some or all of the
tetrahedral and octahedral sites in the lattice depending on the preferences of sites.
The A cations are usually divalent and B cations trivalent. But other combinations are
also possible. The anions are usually oxygen; when the other chalcogenides' constitute
the anion sublattices, then they are referred to as a Thiospinel. It notable here that A
and B can also be the same metal but with different valences. For example, magnetite,
whose formula can be written as Fe3O4 or Fe”Fe%+ 0%, is the most abundant member
of the spinel group. The spinels are grouped in series by the B cations. The main spinel
groups are shown in Table 1 with respective generic formula, where A cations are
exhibited by X for convenience to denote its variable constituents.

They usually have fec packing of anions. In the spinel structure, there are 64
tetrahedral and 32 octahedral sites. 1/8th tetrahedral and 1/2th octahedral sites are
usually occupied in its unit cell. Accordingly, a spinel unit cell is made up of eight fec
cells of oxygen ions in the configuration 2 x 2 x 2. So it is a big structure consisting of
32 oxygen ions, 8 A ions, 16 B ions, and a total of 56 ions [3]. Thus, a spinel unit cell
contains two types of sublattices as depicted in Figure 2. These two types of
sublattices repeat alternately in a three-dimensional array to produce a spinel unit cell,
which ultimately requires eight sublattices.

Group Cations Anions  Formula X = A cation Remark
A B
Aluminum X Aluminum (Al) Oxygen (0) XAl,0, X = Mg, Be, Zn, Fe, Mn
Spinel
Iron Spinel X Iron (Fe) Oxygen (O) XFe,O4 X = Co, Cu, Mn, Mg, Fe, Ni, Ti, Ferrites
(Zn, Fe)
Chromium X Chromium (Cr) Oxygen (O) XCr,O4 X = Fe, Mg, Zn

Spinel

1. Franklinite is excluded from the given formula because it is vepresented as (Fe, Mn, Zn) (Fe, Mn),04.

2. The heterogeneity of spinel group members varies based on composition with ferrous and magnesium-based members
varying greatly as in solid solution, which requires similarly sized cations. However, ferric and aluminum-based spinels
are almost entirely homogeneous due to their large size difference.

Table 1.
Main spinel group with respective generic formula.

" The elements in group 16 of the periodic table, which is also called oxygen family like sulfur (S), selenium
(Se), tellurium (Te) and polonium (Po).
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® Oxygen
e B-atoms octahedral sites

® A-atoms tetrahedral sites

Figure 2.
Schematic diagram of the unit cell structure of spinel ferrite [4, 5].

The interstices available in an ideal close-packed structure of rigid oxygen anions
can incorporate in the tetrahedral sites, only the metal ion with a radius ryety, < 0.30 A
and in octahedral sites, only ions with a radius ro. < 0.55 A. To accommodate cations
like Co**, Cu**, Mgz", Ni*** and Zn?*, the lattice has to be expanded. The difference in
the expansion of octahedral and tetrahedral sites is characterized by a parameter
called oxygen parameter (u). In an ideal spinel, the tetrahedral and octahedral sites are
enlarged in the same ratio, and accordingly, the distance between the tetrahedral is
(0 0 0) and the oxygen site 34 /8 or 0.375 a where ‘4’ is the lattice constant [3, 6] and
hence Ugeq; = 3/8 Or p.375. The tetrahedral sites are usually too small for the metal
ions. Accordingly, the incorporation of divalent metal ions in tetrahedral sites induces
a larger expansion of the tetrahedral sites, leading to a large value for ‘u’ than the ideal
value. The tetrahedral sites are expanded by an equal displacement of the four oxygen
ions onwards, along the body diagonals of the cube, still occupying the corners of an
expanded regular tetrahedron. The four oxygen ions of the octahedral sites are shifted
in such a way that this oxygen octahedron shrinks by the same amount as the first
expands. As such, a remarkable characteristic of spinel structure is that it can form an
extremely wide variety of total solid solutions. This means that the composition of a
given ferrite can be strongly modified, while the basic crystalline structure remains
the same. Depending on how cations occupy the interstices, spinel structure can be
categorized as (i) normal spinel structure (NSS), (ii) inverse spinel structure (ISS),
and mixed spinel structure (MSS). The description of all these categories of spinel
structure is summarized in Table 2.

Structure Chemical formula Sites Remark
Tetrahedral (t;,) Octahedral [Oy,]
Coordination = 4 Coordination = 6
NSS (A*)[B*],05" All A** cations occupy All B** cations occupy
ISS (B)[AB|O4 % B3 cations occupy % B**, and all A** cations occupy
MSS (A1_sBs) {AﬁBl 6] O, 1.8’ is called the inversion degree. It can take value between 0 and 1,
e ie,0<d8<1

2.1f § = 0, then it becomes NSS, and if § = 1, then it becomes ISS.
3.So, ‘§’ can be referred to as a tunable factor between NSS and ISS in MSS.

Note: cations in NSS: A¥ — 2and B3 — % oxygen valance: 2 x 14+ 2 x 3 =2.

Table 2.
Summary description of various categories of spinel structuve.
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Degree of Occupation of sites Structure Generic formula

inversion of spinel

(i) ferrites

0 A site by (My_, — M) and NSS (M — M;)A[ng]BO4
B site by Fe

1 A site by Fe and B site by ISS (Fe)* [(My_ — M, )Fe]BO4

(Mi_x — M) and Fe

0.5 A site by ¥2 M and %2 Fe, B MSS , A , B
M, — M Feg. M; , — M Feis| O
site by %2 (M3 — M) and <( ! 2os 605> [( ! KosFer 5} ¢
35 Fe

Note: 1. M represents the impurity of the same valance. 2. x represents the wt% or at%.

Table 3.
Summary description of doped spinel ferrites’ structure.

Doped ferrites are fabricated classes of ferrites where in some impurity atoms are
doped in their existing ferrous or ferric matrix. They may be magnetic or ceramic
compounds depending upon their compositions and also be of spinel structure or
perovskite structure. The possibilities of doping in producing doped ferrites along
with the generic formula of such ferrites are in its brief discussion focusing on the
spinel structure. In this case, it is possible to introduce impurity of the same valance
either in A or B and even in both sites by maintaining wt% or at% of M and impurity
(M’). Accordingly, the generic formula for doped spinel ferrites may be written as
summarized in Table 3.

1.2 Comprehensive results and novelty of Mn-doped cobalt ferrite nanoparticles
1.2.1 Used technique for synthesis and characterization

The samples of three systems of Mn-doped CoFe,0, ferrite nanoparticles were
prepared through the above-explained solid-state reaction route by using the ball
milling technique (Model). Laboratory graded oxide powders of cobalt (Co), manga-
nese (Mn), and iron (Fe) were mixed in a mortar with a pestle for 2 h and then ball
milled for 10 h. The ball-milled powders were then calcined at 750°C in a furnace for
1hin the air atmosphere. The calcined powders were pelletized in the form of disc and
toroid for electrical and magnetic measurements, respectively [17, 18, 22]. These
toroid and disc-shaped samples were again sintered at 1050°C in the same furnace for
1 h in the air atmosphere. The Waynekerr impedance analyzer 6500B was used to
measure electrical and magnetic properties over the frequency band 100 Hz-

120 MHz. The calcined powders were used in the EMPYREAN (PAN analytical)

XRD machine to record diffraction data for structural analysis and field emission
scanning electron microscope (FESEM, JEOL, JSM-7600F) integrated with energy
dispersive spectroscopy (EDS) for morphological and elemental analysis. The
homemade vibrating sample magnetometer (VSM) was used to measure DC magne-
tization by using the calcined powders for the purpose [17, 22-24]. The formulas used
for calculation of different parameters associated with structural, electric, and mag-
netic properties to analyze the investigated samples have been presented in tabular
form as Appendix A.
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1.2.2 Structural properties

The XRD patterns for all three compositions showed the sharp peaks and con-
firmed their crystallinity with a single-phase spinel structure. They were closely
resembled and well-matched with the standards JCPDS card No. 22-1086 for CoFe,0,4
[24]. Their FESEM micrographs (representative micrographs shown in Appendix B)
showed little agglomerated particles with nearly spherical shapes and pores [17, 18,
22]. Their EDS spectrum also confirmed the presence of their compositional elements
without any impurities. The Xpert pro-High Score Plus software was used to estimate
their structural parameters from their strongest peaks correspond to miller plane
(311), and their particle size was determined by using the Image-]J software and found
to be in the nanoscaled range [17, 18, 22]. All these structural and morphological
parameters have been reproduced and presented in tabular form in Table 4 to dem-
onstrate their tunability by the Mn content or concentration level (x) and to analyze
the variation nature system to system:

The obtained lattice constant (a) was 8.380-8.383 A for Co;_Mn,Fe,0,
composition, 8.358-8.415 A for CoMn,Fe, ,0, composition, and 8.4-8.41 A for
Coy,xMnyFe, O, composition is found almost in agreement with the literature values
[25-28]. The decreasing trend in lattice constant (a), cell volume (V), hopping lengths
(L4 and Lg), bond lengths (A-O, and B-0), and strain were observed with the Mn
content (x) for them. The increasing trend in the X-ray density with increasing Mn
content (x) was observed in all three systems, which was found to maintain an agreed
inverse relationship with the cell volume as illustrated in Table 1 [17, 18, 22]. The
crystallite size (Dy) for the Co;_Mn,Fe,0, composition and CoMnyFe,_,O, compo-
sition was reported to increase with increasing Mn content (x) but to decrease for
Coy.xMn,Fe, 04 composition with much-enhanced value as compared to other two
stoichiometric systems as illustrated in Table 1 [17, 18, 22]. This enhancement in
crystallite size and the gradual decreasing trend was due to the concurrent contribu-
tion of Co”" ions in this composition and the relatively smaller ionic radius of Mn**
ions and was found to follow Vegard’s law as explained in the literature. The decreas-
ing trend in particle size (PS) was noticed in Co;_,Mn,Fe,04 and Co,,Mn,Fe, O,
compositions, but its increasing trend for CoMn,Fe, 0O, composition is evident
in Table 4 [17, 18, 22]. Among these three systems, the crystallite size in
Coyq,xMnyFe,_ O, composition is novel and significant due to the formation of gran-
ules by fudging particles together by the enhanced calcination temperature and con-
current addition of Co®* with its relatively larger ionic radius (78 A). This fact is led to
changes in other physical properties of this composition and accordingly discussed in
the subsequent sections to explore and/or exploit them in their possible applications.

1.2.3 Electrical properties

Cobalt ferrites are considered to be composed of layers similar to any ferrite
materials. They are grain and grain boundaries [29, 30]. The electrical properties of
these materials are influenced by the dopants or impurities due to change in their
structural and morphological properties. These electrical properties encompass the
dielectric constant or permittivity and conductivity and/or resistivity. Both the con-
ductivity and dielectric constant have a common origin according to Koop’s phenom-
enological theory in the manganese-doped cobalt ferrites similar to any other doped
ferrite materials [17, 18, 22, 31]. The dielectric constant comes out from the polariza-
tion of the material. There are four types of polarization in the material depending on
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its mechanism, namely electronic polarization, atomic (orientation) polarization,
ionic polarization, and space-charge (interfacial) polarization. The conductivity or
resistivity arises from the mechanism of transportation of charge carriers in the
material. Cobalt ferrites are the magnetic semiconductor in which Co** ions and Fe**
ions are the p-type and n-type charge carriers. In the doped cobalt ferrites, interfacial
polarization plays the dominant role in their dielectric behavior and electrical con-
ductivity due to created heterogeneity by the incorporation of dopants. The frequency
and temperature response of both dielectric constant and resistivity or conductivity
are instrumental to explore or exploit the possible applications in diversified fields.
The frequency response of the dielectric constant exhibits the ferrimagnetic nature of
the materials in all three compositions as mentioned above [17, 18, 22, 31, 32]. The
increasing trend in dielectric constant with the Mn content is observed for the
Co;_xMn,Fe,0, at RT due to the decreased density of Co** ions for being replaced by
Mn”* ions in the B site [31]. But its unpredictable and irregular variations with Mn
content for the compositions CoMn,Fe, O, and Co;,;Mn,Fe, O, are caused by the
inhomogeneity of charge careers (p-type and n-type) across the grain boundaries due
to dispersed particle size distribution as reported in the literature [22-24, 33]. The
electrical modulus formalism was used to all the three compositions for the purpose as
(i) to identify and understand the bulk properties, electrical conductivity, and relax-
ation time (ii) to differentiate the grain and grain boundary conduction process from
the electrode polarization effect, and (iii) microstructural correlation in both the
electrical and magnetic properties of the materials. The peaks were observed in the
spectra of both the real and imaginary parts of the electrical modulus for the samples
of Coy,xMn,Fe, ;04 composition. The frequencies corresponding to the peak in the
dispersion of the real part of electrical modulus (M’) divide the spectra into two wings
(wing-I and wing-II) corresponding to the long-range mobility and short-range
mobility of charge carriers. The critical relaxation time constant as determined from
the peaks of the dispersion of the real part of the electrical modulus sets the boundary
below of which the n-type (Fe**/Fe®*) and above it p-type (Co**/Co>") carriers play
the dominant role in their conductivity [18]. The frequency corresponding to the
observed peak in the absorption of the imaginary part of electrical modulus (M") is
termed as the characteristic frequency, ., that varies with the Mn content (x). The
maximum magnitude of M” at the characteristic frequency implies the increased eddy
current loss as heat radiation, and it is possible to tune this loss at any desired value by
changing the Mn content. As such, it is expected that this material may be suitable to
be used in hyperthermia and medical-related research. The characteristic dielectric
relaxation time constant determined from the characteristic frequency depends both
on the concentration level and temperature. The observed critical temperature exists
in the low-temperature regime and signifies the ferromagnetic-to-spin glass state
transition [18, 22]. The normal behavior of both the real part and imaginary part of
complex permittivity is observed with the increase in applied frequency for the
samples of Co;_,Mn.Fe,;04 composition. The increasing trend in the real part of its
complex permittivity in the lower frequencies is due to the decreased density of Co™*
ions in the B site. The minimum relaxation time constant as determined from the
peaks in the spectra of the imaginary part of its complex electrical modulus shows the
higher conductivity at a specific Mn content (x = 0.25) due to a higher hopping rate
between F>* to Fe** ions across the grain boundaries. The Nyquist plot of its complex
electrical modulus identifies the dominance of carrier contributions in the conduction
mechanism [18, 22]. An unpredictable variation in the value of a relative dielectric
constant at Mn content (x) = 0.125 and 0.5 in the samples of CoMn,Fe, ,O4
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composition originated from the inhomogeneity of charge careers (p-type and n-type)
across the grain boundaries due to dispersed particle size distribution [17, 31]. Two
semicircles appeared in the Nyquist plot of electrical modulus (M’ vs. M") as desig-
nated by semicircle-I and semicircle-II for the samples of CoMn,Fe, O, composition.
The semicircle-I occurs in the low-frequency region and corresponds to grain-
boundary contribution whereas the semicircle-II in the high-frequency region
corresponding to the grain contribution [18]. The increasing trend in the estimated
activation energy of the samples of Coq,Mn,Fe, ,O4 composition with Mn content
(x) at room temperature signifies the phase tuning effect from the ferrimagnetic-to-
paramagnetic phase. The temperature response of AC resistivity in the low-
temperature regime for the representative sample of Coq,,Mn.Fe, O, composition
showed the metallic or insulating behavior of the material. The increasing trend of
activation energy with the manganese content signifies the ferrimagnetic-to-para-
magnetic phase transition and thus tuning the samples of CoMn,Fe, ,O, to behave as
soft magnetic material [18]. The linear decreasing trend in its DC resistivity with the
increase in temperature demonstrated the semiconducting behavior of the material
above room temperature [17, 31]. The decreasing trend in AC resistivity of the sam-
ples of CoMn,Fe,_,O, with the increase of temperature implies their semiconducting
behavior of the material [18, 22]. The negative value of magnetoresistance implies the
dominance of n-type charge carriers (Fe**/ Fe**) of both samples of Co; yMn,Fe,0,
and Coy,xMn,Fe, ,O4 compositions in their hopping process. The complex impedance
marks a single metallic band in the stoichiometric composition Co;_,Mn,Fe,04 and a
double metallic band in the non-stoichiometric composition Coy,,Mn,Fe, ,O4. This
double metallic band may make this sample suitable to be used in the switching as well
as actuator devices. Conversely, the higher conductivity in the single metallic band is
expected to generate heat by the eddy current loss for the stoichiometric composition
Co;_ Mn,Fe;0,4, which may also make it suitable to be used in hyperthermia and
medical science-related research [23-26]. The measurement of conductance of both
stoichiometric and non-stoichiometric compositions of Mn-doped cobalt ferrite
nanoparticles at RT shows that “the magnitude of AC conductivity depends almost
linearly with the Mn content and thus provides tunability by Mn content. This AC
conductivity causes the eddy current loss while applied a varying magnetic field across
the investigated sample and dissipate to heat the materials. The heat energy is expected
to be selectable over the frequency band between two cutoff frequencies as determined
by their 3dB points from their respective peaks and therefore make them suitable for
use in temperature switching/sensing and/or thermoelectric devices. Besides the fre-
quency exponent for both the compositions displayed that the material is a mixer of
both ionic and Debye dipole-type crystals and with the increasing Mn content they
tend towards more Debye dipole-type crystals” as reported in recent literature [33].

1.2.4 Magnetic properties

The AC permeability and DC magnetization are considered to be the key parame-
ters for understanding and explaining the magnetic behavior of the material. The
magnetic modulus is similarly important to separate the local behavior of defects in
the material from the effects of external agents like an air gap, stray effect, etc. It helps
to understand the dynamic mechanism of permeability under the influence of the AC
magnetic field. A pragmatic enhancement in the real part of permeability with the
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concentration levels, Mn(x) over the whole frequency band is noticed for the samples
of Coy, MnyFe, O, composition [24]. Above room temperature, the increasing trend
in the real part of permeability is caused by the dipolar orientations due to increased
crystallite and/or grain size. The appearance of their relaxation peaks at around

537.5 K may be related to the spin resonance, and its fall from the peaks marks the
ferromagnetic-to-paramagnetic phase transition and corresponds to the Curie tem-
perature. Whereas the declining trend of the real part of permeability from the
broadened peaks with the drop in temperature is occurred by the ceasing of dipolar
orientations in the grains due to freezing effects. A crossover in the dispersion of the
real part of magnetic modulus M, is noticed at a particular frequency around 58 kHz.
Below this frequency M/, increases but above it decreases with Mn content. The well-
resolved peaks in the dispersion of the imaginary part of the magnetic modulus
correspond to the resonance frequency and are found to decrease with the Mn content
due to the observed decreasing trend in the crystallite size. The saturation magnetiza-
tion and initial permeability are found to increase with the concentration levels x due
to the antiferromagnetic effect of Mn®* in the tetrahedral site according to Neel’s two
sublattices models [24, 33, 34]. The anomalous variation in remnant magnetization
and coercivity is observed due to the migration of Co”" ions from the octahedral site to
the tetrahedral site during phase formation in the solid-state reaction. The remnant
ratio is less than unity (< <1), which marks the superparamagnetic behavior of the
material. The grain boundaries interact and reduce the domain wall motion that
results in lower permeability at higher sintering temperatures. Below room tempera-
ture (300 K), the magnetization increases with the drop in temperature, which occurs
from the dominance of effective uniaxial anisotropy constant (Kef) due to the addi-
tional presence of Co?* ions in the octahedral (B) site because of the non-
stoichiometric composition. The coercivity decreases with a further drop in tempera-
ture from a certain peak value is the signature of the possible superparamagnetic
behavior of the material. The Weiss constant depends inversely with Mn content,
which signifies the ferromagnetic nature of the material in the low-temperature
regime [24]. A diamagnetic behavior of the materials is also marked over the fre-
quency band 1 kHz-500 kHz for the samples of this composition due to negative
values of the real part of permeability, which is the indication of the metamaterial
according to Veslago through which electromagnetic wave cannot propagate and thus
may make this material suitable to be used in the magnetic shielding operation.
Besides, p-negative (MNG) and double-negative (DNG) medias are identified over
the frequency band 3 MHz-120 MHz at Mn(x) = 0.5 [1]. In the low-temperature
regime, the dispersion of the AC permeability shows the transformation of the ferro-
magnetic phase to the spin-glass state at a certain temperature peak due to the frozen
tendency of spins. This peak temperature may be termed as transition temperature,
which is found to vary irregularly with the Mn content in the sample of composition
CoMn,Fe, ,0,. The remnant ratio is found to be very less than unity, which marks its
superparamagnetic behavior, and may this material be suitable to be used in the
spintronics applications. The frequency response of both the real and imaginary parts
of AC permeability demonstrates the normal behavior of the samples of
Co;_xMn,Fe,0, compositions. A nonlinear increase in the real part of magnetic mod-
ulus (M;,) for the samples of this composition is observed with the increase of the
applied frequency that signifies the contributions of both the wall motion (wall relax-
ation) and the spin rotations (rotational resonance) in its magnetization [18]. After-
ward, M), is found to a slight linear increase to a single asymptotic value, which
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implies the ceasing of wall motions but the only presence of spin rotations. Both the
increasing and decreasing trend up to and from well-resolved peaks is observed with
the increase of frequency in the dispersion or absorption of M, . The frequency that
corresponds to the peak is known as the resonance frequency f . and follows the

increasing trend in the crystallite or grain size. Besides, the magnitude of M, at the
corresponding resonance frequency is also marked to increase with the increase in Mn
content. This fact implies the more absorption of magnetic energy from the magnetic
field that in turn leading to decrease spin rotations. This behavior of the material is
expected to be suitable for electromagnetic suppression operations. The improvement
of saturation magnetization is observed for the sample of Mn content (x = 0.5) as
compared to that of un-doped cobalt ferrite nanoparticles (x = 0).

1.2.5 Comparison of electrical and magnetic properties

The applications of the synthesized materials in the real world mostly depend on
the electric and magnetic properties and their tuning or alteration by the external
agents like DC and/or AC electric and/or magnetic fields, electromagnetic field, the
influence of temperatures both below and above room temperatures, environment,
etc., thereon. A comparison is made based on the above discussion and presented in
tabular form to explore the novelty of electrical and magnetic properties of
manganese-doped cobalt ferrite nanoparticles of three different systems as synthe-
sized with the composition formulas as Coq,;Mn,Fe, 04, Co;_yMn,Fe,04, and
CoMn.Fe,_ .0, in Table 5:

Properties Coq,xMn,Fe, .04 Co;_yMn,Fe,0,4 CoMn,Fe, ,0,
Dielectric The decreasing trend in the The frequency response of ~ Both dielectric constant and
constant real part of the dielectric both the real and imaginary D-factor show the normal
constant exhibits the parts of the dielectric behavior up to 2 kHz and
ferrimagnetic nature of the  constant exhibits normal above 2 kHz anomalous
material. The peaks in the ~ behavior. The decreasing behavior. Grain boundaries
absorption of the imaginary trend in the real part of the are more responsive below
part marked the dielectric constant exhibits 10 kHz, and conductive
predominant grain the ferrimagnetic nature of ~ grains become more
boundary contribution to the material [22] responsive above 10 kHz
the resistivity of the that ultimately increasing
material [4, 17, 22] the conductivity of the
material almost
exponentially [18, 22, 28]
Electrical A boundary is marked An increasing trend in the ~ Two semicircles
modulus between the long-range and real part of electrical (semicircle-I and II) of non-

short-range mobility of
charge carriers. The critical
relaxation time constant set
a boundary below of which
n-type and above it p-type
charge carriers play a
predominant role in their
conductivity. The lowest
value of activation energy at
Mn(x) = 0.375 signifies
faster hopping between Fe**
and Fe®* ions in the

modulus’ with the applied
frequency is observed due
to short-range mobility of
charge carriers (p-type and
n-type) because of the
shorted hopping length (Lg)
in the B site. No boundary is
observed between the
short-range and long-range
mobility of charge carriers.
In the low-frequency
regime, the higher values of

ideal shape are found to
occur in the Nyquist plot of
electrical modulus that
separates the grain
boundary and grain
contributions to the
electrical conductivity of
the material. Semicircle-I
corresponds to the grain
boundary, and semicircle-II
corresponds to the grain
contribution to the
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Properties Coq,xMn,Fe, .04 Co;_xMn,Fe,04 CoMn,Fe, ,0,
conductive grains and is the imaginary part of the conductivity of the material
associated with the electrical modulus indicate  [22, 23]
deficiencies of oxygen ions lower conductivity due to
in the B-site due to interfacial polarization in
additional density of Co™*  the grain boundaries. The
ions because of their Nyquist plots of complex
non-stoichiometry [18, 22]  electrical modulus separate
the contribution of n-type
and p-type ions in the
hoping mechanism [22]
Resistivity/ The temperature response ~ The normal behavior of AC  The increasing trend of
conductivity of AC resistivity in the low- resistivity with the applied  activation energy with the
temperature regime shows  frequency is observed. The manganese content, as
the metallic or insulating AC resistivity is found to determined from the
behavior of the material. decrease with Mn(x) below temperature-dependent AC
The linear decreasing trend 0.01 MHz and above it conductivity curves, signifies
in the DC resistivity with independent of Mn(x). The ferrimagnetic-to-
the increase in temperature value AC resistivity is large paramagnetic phase
exhibits the semiconducting as compared to transition and thus tuning
behavior of the materialin ~ CoMnyFe, ,O4 due to the  the sample to behave as soft
the high-temperature slower mobility of Co** (p- magnetic material [18, 22, 33]
regime. The higher rate of  type carriers) ions in the B
change of resistivity is site [22, 31]
marked with the applied
magnetic field due to the
combined effects of the
faster hopping and higher
mobility of n-type charge
carriers across the grain
boundaries [17, 22, 32]
Conductance Frequency non-responsive  Frequency non-responsive = —
conductive band (FNRC) conductive band (FNRC)
observed over the band observed over the band
100 Hz-3 kHz, and 100 Hz-1 kHz, and
frequency responsive frequency responsive
conductive band (FRC) conductive band (FRC)
observed over the band observed over the band
3 kHz-1 MHz [22, 31, 33] 1kHz-1 MHz [22, 32]
Impedance The double metallic band is A single metallic band is —
spectroscopy observed [20, 22, 26] observed [22, 29, 30]
Permeability =~ A pragmatic enhancement  The frequency response of ~ The real part of AC

in the real part of
permeability with Mn(x)
over the 100 Hz-1 MHz.
p-negative and double
negative media identified
over frequency band 3MH-
120 MHz at Mn(x) = 0.5. A
diamagnetic behavior is
marked over the frequency
band 1 kHz-500 kHz at Mn
(x) = 0.125 [16, 22]

both the real and imaginary
parts of AC permeability
demonstrate normal
behavior. The real part of
permeability is non-
responsive over frequency
band 550 Hz-1 MHz. The
decreasing trend in
relaxation time with the Mn
(x) implies the damping of
spins in the high-frequency
range [22]

permeability is found to
increase up to 265 Hz
(snapshot) and a slight
decrease over a wide band
of frequencies up to around
30 MHz. Afterward, its
sudden fall demonstrates
anomalous behavior. In the
low-temperature regime,
dispersion of AC
permeability shows the
transformation of the
ferromagnetic phase to the
spin-glass state at a certain
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Properties Coq,xMn,Fe, .04 Co;_xMn,Fe,04 CoMn,Fe, ,0,
peak temperature due to the
frozen tendency of spins
[18, 22]

Magnetic A cross-over frequency was The resonance frequency as The increasing trend of

modulus observed at 58 kHz. Below  observed in the imaginary =~ magnetic modulus up to
this frequency real part of  part of the magnetic around 248 kHz may be due
the magnetic modulus is modulus follows the to the collective effects of
inversely, and above it is increasing trend in the wall motion and spin
directly proportional to Mn  crystallite size. Besides, the rotation. Afterward, almost
(x). In the low-temperature magnitude of the imaginary constancy is observed over
regime, a transition of part at the corresponding the frequency band
ferromagnetic phase to spin resonance frequency is also 248 kHz-10 MHz, which
glass state is marked at marked to increase with the can be attributed to the
131.59 K. The critical increase in Mn (x). This fact spin-only rotation. The
relaxation constant implies the more absorption increasing trend in
increases with Mn(x) that of magnetic energy from relaxation time with Mn(x)
decreases, in turn, the the magnetic field that in implies the predominance
damping of domain walls turn leading to decrease of dipolar orientations to
and results in both dipolar  spin rotations. The contribute more to the
orientations and more spin  relaxation time decreases permeability [18, 22]
rotations to increase the with Mn (x) that signifies
permeability of the material the increase in the damping
due to change in the metal ~ mechanism of wall motion
chemistry. This implies that that causes a decrease in
the porosity decreased due  permeability of the material
to the additional [17, 22]
contribution of Co?* ions,
which in turn removes
pinning sites of the wall
motion in the material
[19, 22]

Magnetization Normal behavior is marked The improvement of Both the saturation
in the variation of saturation magnetization is magnetization and initial
saturation magnetization observed over un-doped permeability decrease with
with Mn (x). In the low- cobalt ferrite nanoparticles Mn(x) at RT. It exhibits
temperature regime, a large [22] normal magnetization
saturation magnetization is behavior [18, 22]
observed that ranges from
120 to 240 emu g~ ' [22]

Coercivity The anomalous nature of The anomalous nature in The increasing trend in
coercivity exhibits mono-  the variation of coercivity  coercivity shows the normal
domain formation with the ~ with Mn(x) is also marked = magnetic behavior of this
drop in temperature at Mn  [22, 27] material [17, 22]

(%) 0.125 and 0.375 [22]

Remnant The remnant ratio was Possible superparamagnetic The remnant ratio is found

ratio found to be below unity (< behavior is observed due to  to be very less than unity,
<1) and exhibiting possible the value of remnant ratio ~ which marks its
superparamagnetic nature < <1 [17, 22, 27] superparamagnetic
of the material [22] behavior [17, 22]

Curie The Curie temperature is The Curie temperature is

temperature found to be tunable with Mn marked to be controlled by

(x) over the range of 535 K-
565 K and is found to agree
with literature values [22]

the Mn(x) content, and
thus, T regulates magneto-
mechanical hysteresis [22]
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Properties Coq,xMn,Fe, .04 Co;_xMn,Fe,04 CoMn,Fe, ,0,
Magneto The negative values of The negative values of —
resistance magnetoresistance showed = magnetoresistance showed
the dominance of n-type the dominance of n-type
charge carriers in its charge carriers in their
conduction mechanism conduction mechanism [22]
[10, 22, 34]
Table 5.

Comparison of electric and magnetic properties of three systems of Mn-doped cobalt ferrite nanoparticles.

1.2.6 The novelty

From the comparison of manganese-doped cobalt ferrite nanoparticles in three sys-
tems as seen in Table 5, the followings are the significances or novelty in their properties:

i. All three compositions exhibit the ferrimagnetic nature of materials and
almost in agreement with the cobalt ferrites. Only the lattice parameters and
crystallite size are being influenced and modified by the antiferromagnetic
effect of Min?* ions, and also, the cation distribution is deviated a bit from
their idealistic situation according to their initial stoichiometry.

ii. All the compositions show semiconducting behavior. But, the non-
stoichiometric composition Coq,,Mn,Fe, ,O4 exhibits either insulating or
metallic behavior and semiconducting behavior, which is its novel or unique
property as compared to the other two compositions.

iii. The electrical modulus itself manifests the novelty of all three compositions of
manganese-doped cobalt ferrite nanoparticles wherein short-range and long-
range mobility of charge carriers are distinctly identified for the composition
Coy,xMnyFe,_;O,. The dielectric relaxation is of single relaxation non-Debye
type for Coy,,Mn,Fe, O, and Co;_,Mn,Fe,04 compositions, whereas it is a
double relaxation type for CoMn,Fe, O, composition.

iv. Impedance spectroscopy shows the double metallic band for the Co,
xMnyFe; 0,4 composition, whereas a single metallic band is observed in
Co;_xMn,Fe,0,. These are unique for these two systems, and therefore, it
may be regarded as the novel property.

v. A diamagnetic behavior manifests p-negative (MNG) and double-negative
(DNG) media in Coq,xMnFe, 0,4, which are absent in the other two
compositions and therefore unique or novel property.

vi. The anomalous magnetic behavior in respect of coercivity and remnant
magnetization is unique for the samples of Coy,Mn,Fe, ,O4 compositions
below the room temperature as compared to the other two compositions.

vii. The transformation of the ferromagnetic phase to the spin-glass state is

another important novel property of Co;,,Mn,Fe, O, and CoMn,Fe, O,
compositions.
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viii.

ix.

Xi.

The magnetic modulus manifests that the dependence of permeability on
manganese constant that reverses at a particular frequency termed as
crossover frequency, which is unique for Co;,,Mn,Fe,_ O, composition.

The decreasing trend in the resonance frequency as determined from

the well-resolved peaks of the imaginary part of the magnetic modulus
with increasing Mn(x) for Coy,,Mn,Fe, O, follows the decreasing trend
of its crystallite size that manifest the correlation between permeability
and crystallite or grain size and therefore novel behavior of the material.

. The increasing trend in resonance frequency with Mn(x) for the

Co;_xMn,Fe,0, follows the increasing trend of its crystallite size and shows
the novel behavior.

The tunability of the Curie temperature by manganese content in
CoMn,Fe, 0, facilitates control over the mganetomechanical hysteresis of
the material.

1.3 Possible applications

The novel behavior of manganese-doped cobalt ferrite nanoparticles in three com-
positions as discussed above may make them suitable to be used in the following
possible applications:

ii.

iii.

iv.

vi.

128

. The semiconducting nature of the material may make them suitable to be

used in thermoelectric devices.

The decreasing trend in the coercivity of Coy,;Mn,Fe, 0,4

composition may make this material suitable to be used as a ferrite core in
the high-frequency inductor, transformer, and various microelectronic
devices

The appearance of peaks in the dispersion of the imaginary part of the
dielectric constant shows the grain boundary contribution to the resistivity in
Coy,xMnxFe, 0, which in turn corresponds to the thermal energy
dissipation. This behavior of dielectric constant may make this material
suitable for use in hyperthermia or related research in medical science.

The equality in the real part and imaginary parts of complex permittivity at
resonance suggests this material of Coy,,MnxFe, O, composition may be
used in high-frequency switching devices.

. The enhanced negative magnetoresistance and its variation nature make the

materials of Coy,;MnxFe, O, composition be used to identify and control
the electron transport properties in the sensor and spintronics applications.

The varied nature of temperature-dependent resistivity may make the
material of Co;,MnxFe, O, composition suitable to be used in the high-
temperature sensor devices.
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vii.

viii.

ix.

xi.

xii.

xiii.

Xiv.

The dispersion of the real part of permeability is found almost independent
over the frequency band 550 Hz-1 MHz, and the imaginary part shows non-
responsive over frequency band 1.5 kHz-1 MHz and makes this material of
Co;_xMn,Fe,0,4 composition a good candidate to be used in high-frequency
applications.

The increasing nature of magnetization with the temperature at constant
concentration levels x provides the ability to control and probe the
magnetization of the material and thus make the system suitable to be used in
the field of sensor application.

The metallic frequency band as observed at x = 0.5 of all three systems in their
anomalous zone above 1 MHz may make the material suitable to be used in
the radio frequency detectors and fast switching devices.

. This negative values of ' are the indication of a possible metamaterial that is

capable of distorting or absorbing the electromagnetic waves, which makes
this material suitable to be used in electromagnetic suppression or shielding
operation. Conversely, the constancy in p’ and ? over a frequency band
500 kHz-100 MHz is an indication of potential technological material for
patch/dielectric antenna.

The increasing nature of magnetization with the temperature at constant
concentration levels x provides the ability to control and probe the
magnetization of the material and thus make the system suitable to be used in
the field of sensor applications.

The decreasing rate of resistivity with the applied magnetic field at room
temperature may make this sample suitable to be used in the field of position
and biosensors.

The relative enhancement in saturation magnetization and initial
permeability in Co;_,Mn.Fe,04 and CoMn,Fe, ,O,4 as compared to that in
un-doped cobalt ferrite nanoparticles reveals the use of Mn in fine-tuning the
new magnetic materials for technological applications in microelectronic
devices.

The tunability of the Curie temperature of the material of composition
CoMnyFe, O, by the Mn(x) content may make this sample suitable to be
used in the magneto-mechanical sensors.

2. Conclusion

From the above discussion, it is interesting to note that, creating defects inten-
tionally in a methodic way, the physical properties will be changed, which is the crux
route to tune or tailor the properties in the solids. Intensive investigations, therefore,
were carried out over the years, and their outcomes have put in practical applications
in diversified fields. Manganese-doped cobalt ferrite irrespective of its bulk and
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nano-dimension forms has already been utilized in applications starting from the
electronic industry to biomedical research, diagnostic and labeling, and targeted
delivery of medicines. In this chapter, some novel approach like electrical modulus,
magnetic modulus, and impedance spectroscopy has been used to identify the change
and new properties of manganese-doped cobalt ferrite nanoparticles and highlighted
some possible applications that include hyperthermia and medical-related research,
magnetic field shielding/suppression operation, etc. The tunability of AC conductivity
of both stoichiometric and non-stoichiometric compositions of Mn-doped cobalt fer-
rite nanoparticles is suggested to be suitable for use in thermoelectric devices. How-
ever, there is still room for further investigations more rigorously, a few of them are
suggested here for the researchers, scientists, engineers, and technologists to open up
their thoughts across the globe:

i. The photocatalytic conversion of visible solar energy to generate e /h" in turn
may produce reactive oxygen species through the redox process for the
degradation of pollutants in water.

ii. In a quest of exploring new alternatives of RE permanent magnets by
investigating non-stoichiometric manganese-doped cobalt ferrites and
compositing them to nickel to enhance magnetism and coercivity.

iii. An investigation of this material is required to enhance the dye degradation
capability.

iv. Improvement of the efficiency and savings of energy in renewable energy
devices using cobalt ferrite nanoparticles with non-stoichiometric
composition.
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Abbreviations

Co symbol for cobalt

Mn symbol for manganese

Fe SYMBOL of iron

RT Room temperature

X signifies Mn concentration/concentration levels at weight percentage
A Angstrom (unit of dimension) = 107 % m

K Kelvin scale of temperature

AC alternating current

nm nanometer (unit of dimension) = 107° m

emug '  electromagnetic unit per gram (unit of magnetization
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XRD X-ray diffraction

FESEM field emission electron microscopy

M (H) magnetization as a function of magnetic field
Mg saturation magnetization

Mg remnant magnetization

Hc coercivity

M initial permeability

ng magnetic moment per formula unit in Bohr Magneton
74 real part of AC permeability

U imaginary part of permeability

X susceptibility

tané loss factor (corresponds to both dielectric and magnetic loss)
4 real part of permittivity

e imaginary part of permittivity

& relative dielectric constant

C capacitance

Z impedance

X reactance

R resistance

Pac AC resistivity

Cac AC conductivity
fo resonance frequency

T relaxation time constant
fe critical frequency
fonax maximum characteristic frequency

M real part of electric modulus

M” imaginary part of electric modulus

M, real part of magnetic modulus

M,,” imaginary part of magnetic modulus

AM(T) change of magnetization as a function of temperature
AT change in temperature

AH change in magnetic field

AS change in entropy

AS,, change in magnetic entropy

ASy; change in entropy due to lattice vibrations

AS,jec change in entropy due to electronic contribution

Appendix: used formulas

The formulas used for calculation of various parameters for analysis of structural,
magnetic, and electrical properties along with software are listed in Table A.1.

Parameters Formula Remarks

Structural

Lattice constant d= \/hzzw Using High Score Plus software
Crystallite size 0.91/f cos O Debye-Scherrer formula
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Parameters Formula Remarks
Tetrahedral hoping (1) = aT\/§ A Stanley’s equation
length
Octahedral hoping L] = a+4/§ A
length
Tetrahedral bond A—0= (u - %)ﬂ\/?,A
length
Octahedral bond B—0=(3—u)dA
length
X-ray density p. = ZM/Na3
Porosity Poo = (1-%) x 100
P
Strain Pcost = % + 4esiné Williamson-Hall equation (plot)
Magnetic
Magnetization (Vineasa % Cac — Const) /Myeasrg  Using VSM
Coercivity (He1 +Hep)/2 Using hysteresis curves
Remnant (Mc1 +Mep)/2
magnetization

Curie temperature  Extrapolated intercept value =~ Using M-T curves

Anisotropy constant

Initial permeability ~ The slope value at initial Using M-H curves
magnetization
Susceptibility M/uoH
Electrical
DC resistivity pac = RA/L Using the 4-probe method
DC conductivity o4 =1/pye
AC resistivity s =RAJL Using Wynekerr impedance analyzer
AC conductivity 64 =1/pae
Magnetoresistance  MR% = -2 x 100 Using the 4-probe method
Electromagnetic
Complex e=¢ —jé’ Measurement of real and imaginary parts by
permittivity impedance analyzer
Complex u=p —ju"
permeability
Impedance Z - VR + X2
Characteristics Zo = /U /¢
impedance
Miniaturization n=+pu x¢e
factor
Dielectric constant ¢, = C% Measurement of capacitance by impedance
analyzer
Dielectric loss tans = ¢’ /¢ Measurement of real and imaginary parts by

Magnetic loss tans = 4 [l impedance analyzer
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Parameters Formula Remarks
Eddy current loss W loss = O, ptogH*V sin 8 Usual meanings
Currie constant, C  The slope of % — T plot Usual meanings

Weise constant, 6 The intercept at the
temperature axis

Electric modulus M (w) = AC) Real part
i Imaginary part

Magnetic modulus  pf/ (@) = —4@)__ Real part
Imaginary part

Table A.1.
The formula/procedure used for calculation of different parameters used in this thesis paper [18, 19, 22].
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