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Abstract: Magnetic iron oxide nanomaterials (MIONs) have been extensively investigated for the various important
applications. Coprecipitation, hydrothermal, high temperature decomposition of organic precursors, microemulsions,
polyol methods, electrochemical methods, aerosol method, sonolysis and green synthesis processes for the fabrication
of MIONs have been reviewed. Different characterization methods like XRD, SEM, EDX and TEM for the as prepared
MION materials have been studied. Important applications of MIONs in the field of biomedical, nanorobotics and
energy devices have also been addressed in this review. Target oriented drug delivery and hyperthermia applications

of MIONs have also focused.
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1. INTRODUCTION

Magnetic iron oxide nanomaterials (MIONs)
have received much attention in recent years
because of their applications in biomedical,
nanorobotics and energy devices [1-5]. The
biocompatibility of MIONs makes them
suitable for biomedical applications, such as in
cellular therapy, tissue repair, drug delivery, and
magnetofection [1-3]. Recent investigations have
focused on developing methods that synthesize
magnetic NPs with vast potential including size,
charge, stability, shape, and morphology [1-5].
In general, due to aggregation behavior, colloidal
stability, cytotoxicity, surface coatings of the
NPs are considered critical in nano research.
Various biocompatibility tests have been done
for polysaccharide-covered attractive NPs, for
the human wellbeing as well as for the safety
of the environment [4]. Using magnetic iron
oxide nanomaterials (MIONs) in the treatment
of cancer, as a chemotherapeutic anti-cancer
drug, their efficacy as an anticancer agent was
assessed [2]. Nanotechnology is at the leading
edge of the rapidly developing new therapeutic
and diagnostic concepts of all areas of medicine
[3]. Recently, extensive research has been focused
on nano-structured magnetite because it possesses
unique magnetic and electric properties [5]. It
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has also application in medical diagnosis and
therapy, target drug delivery, magnetic resonance
imaging, cancer hyperthermia treatment and as
nano-sorbents in environmental engineering [4].
MIONs are commonly composed of magnetic
elements, such as iron, nickel, cobalt and their
oxides like magnetite (Fe,O,), maghemite
(y-Fe,0,) and cobalt ferrite (Fe,CoO,). MIONs
(<100 nm) thus can be manipulated under the
influence of an external magnetic field.

The magnetic property of a material is based
on its magnetic susceptibility (), which is defined
by the ratio of the induced magnetization (M) to
the applied magnetic field (H) [6]. In ferri- and
ferromagnetic materials, magnetic moments
align parallel to H, coupling interaction between
the electrons of the materials result in ordered
magnetic states. The y of these materials depends
on their temperature, external field H and atomic
structure. Ferri-or ferromagnetic materials, such
as MIONSs, become a single magnetic domain and
therefore maintain one large magnetic moment
[7]. The iron atom has four unpaired electrons
in 3d orbital, thereby it has a strong magnetic
moment. Fe** ions have five unpaired electrons in
3d orbital, and Fe*"ions have four. When crystals
are formed from iron atoms or Fe*" and Fe?" ions,
they can be in ferromagnetic, antiferromagnetic
or ferrimagnetic states. In the paramagnetic state
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which is because of the presence of unpaired
electrons in the material, all the magnetic
moments are randomly oriented, so the crystal has
no net magnetic moment. The crystal has a small
net magnetic moment when an external magnetic
field is applied, and the magnetic moment is zero
when the field is removed [8]. In a ferromagnetic
crystal, all the magnetic moments are aligned
even without an external magnetic field [9].
In a ferrimagnetic crystal, two types of atoms
with different magnetic moments are aligned
in an antiparallel fashion, and the antiparallel
moments have different magnitudes [10]. For
an antiferromagnetic crystal, the antiparallel
moments have the same magnitudes. Both
magnetite (Fe,0,) and maghemite (g-Fe,0,) are
ferromagnetic. The magnetic energy of an NP is
dependent on the direction of its magnetization
vector. The direction that has the minimum
magnetic energy is call anisotropy direction or easy
axes, and it depends on the crystal structure of the
particle. With the increase of the angle between
the magnetization vector and the easy axis, the
magnetic energy increases. The amplitude of this
curve is called anisotropy energy [11].
[ron-based magnetic NPs such as Fe,O, have
been received numerous attention due to their
unique properties and potential applications in
biomedical applications [12]. Fe,O, NPs can
potentially be used as magnetic targeted drug
delivery carriers and magnetic resonance imaging
(MRI) contrast agents due to their high saturation
magnetization, low toxicity, and biocompatibility
[13]. Magnetic properties of NPs can be tailored
by their particle sizes and size distributions. NPs
are ultrafine particles with their sizes ranging from
1-100 nm [7]. NPs have attracted considerable
attraction due to their unusual and fascinating
properties, with various applications, over their
bulk counterparts [5,14]. Iron oxides are usually
used as photocatalyst for the photocatalytic
degradation of organic dyes due to their wide
bandgap and high photosensitive nature. The crystal
structure of a-Fe,O, (hematite) is rhombohedral
and it shows weak ferromagnetism at 300 K [15].
The hematite is an n-type semiconductor that
has attracted substantial interest because of their
potential applications in catalysis, pigments, gas
sensors etc [9]. The other advantages of iron oxide

nanoparticles are nanorobotics, the 3D-printed
nanorobots placed in liquids to eliminate toxins [4].

This review aims to address the different
synthesis processes of MIONSs, characterization
of the as-prepared nanomaterials and its
valuable applications in biomedical (targeted
drug delivery, MRI contrast agent, antibacterial,
hyperthermia and cancer treatment), nanorobotics
(treatment of diabetes, treatment of cancer,
cellular nanosurgery and gene-therapy) and
energy devices (Li-ion battery, supercapacitor and
chemical sensor). It also studies the correlation
of the structure, property and applications of
MIONSs based on different synthesis routes. An
environment-friendly green synthesis approach
for the fabrication of iron oxide nanomaterials is
also addressed herewith.

2. SYNTHETIC ROUTES

The preparation method has a very large effect
on the size, shape, size distribution and surface
chemistry of the magnetic nanoparticles and also
on their applications [16]. Synthesis of the MIONs
with optimized size and shape has always been a
great challenge. Various synthesis methods have
been explored to attain the MIONs with desired
properties. Chemical synthesis has been the most
common route. Some of the synthesis methods of
iron oxide NPs are being addressed herewith.

2.1. Coprecipitation

Because of the easy implementation and use
of less risky materials and simple procedures,
the coprecipitation method is widely used in
biomedical applications [8]. In this method,
iron oxide particles are produced by an aging
stoichiometric mixture of ferrous and ferric
salts in aqueous media [14]. The size, shape,
and composition of the particles depend on the
salts used, the Fe*" and Fe*' ratio, the pH of the
solution, the temperature, and the ionic strength
of the media. The chemical reaction of Fe,O,
formation can be written as:

Fe*" + 20H — Fe(OH),

Fe*'+ 30H" — Fe(OH),
Fe(OH), + 2 Fe(OH), — Fe,O, + 4H,0
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According to the thermodynamics of this
reaction, complete precipitation of Fe,O,
should be expected between pH 9 and 14, while
maintaining a molar ratio of Fe*": Fe*" is 2:1 under
a non-oxidizing oxygen-free environment. As
Fe,O, is not very stable, in the presence of oxygen
it can be oxidized into y-Fe,0,. The reaction can
be written as:

Fe, O, +0.250, +4.5H,0 — 3Fe(OH),
2Fe(OH),——y-Fe,0,+ 3H,0

In order to prevent this oxidation in air, an
oxygen-free environment is very important. To
create such an environment, nitrogen is used by
passing through the solution. The nitrogen through
the solution not only can prevent the oxidation but
also reduces the particle size. There are two steps
in the coprecipitation process. Small nuclei are
first formed in the medium when the concentration
of the species reaches critical supersaturation, and
it is followed by the growth of the crystal. In the
later step, the solutes diffuse to the surface of the
crystal, and the process is controlled by the mass
transport. In order to produce NPs, the two stages
are needed to be separated. For example, during
the crystal growth step, the nucleation should not
occur.

2.2. Hydrothermal Methods

Iron oxide NPs with controlled size and
shape are technologically important due to the
strong correlation between these parameters and
magnetic properties [17]. Hydrothermal synthesis
consists of various wet-chemical processes of
crystallizing the substance in a sealed container
from the high-temperature aqueous solution
(generally in the range 130-250 °C) under high
vapor pressure (generally in the range 0.3-4 MPa)
[17]. This method has also been explored to
develop dislocation-free single crystal particles,
and grains formed in this method shown to have a
better crystallinity than those from other methods.
Therefore, the hydrothermal method is prone to
obtain highly crystalline iron oxide NPs [17].

Different researchers have worked on the
synthesis of iron oxide NPs using the hydrothermal
method [18-25]. Ge et al. [19] investigated an
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easy one-step hydrothermal methodology for
the synthesis of Fe,O, NPs with controllable
diameters, narrow size distribution and good
magnetic properties. In this approach, the iron
oxide NPs (15 to 31 nm) were synthesized by
oxidation of FeCl,-4H,0 in basic aqueous solution
under elevated temperature and pressure. The
NPs showed high saturation magnetization in the
range of 53.3-97.4 emu/g. The as-prepared iron
oxide NPs utilized in many potential biological
applications in cancer diagnosis and treatment
[19]. Haw et al. prepared the Fe,O, NPs using a
hydrothermal approach and the as-synthesized
materials were explored in studying their
application as MRI contrast agents [20]. A one-pot
hydrothermal process has been reported to prepare
Fe,O,@Au composite NPs for the applications
in dual-mode magnetic resonance and computed
tomography imaging. The Fe O,@Au CNPs
developed via the facile one-pot method reported
to have promising potential for the dual-mode MR/
CT imaging of different biological systems [21].
A facile, economical and environment-friendly
hydrothermal method for fabricating Fe,O, and
o-Fe,0, NPs at 180 °C for 12 h respectively has
been reported by Lou et al [22]. In their study, the
diameters of Fe,O, and a-Fe O, nanocrystals were
measured to be 5 and 20 nm, respectively. Also,
the electrochemical performances of the Fe, O, and
o-Fe,0, nanoparticles as anode materials for Li-ion
batteries were also determined. The first-discharge
capacities of Fe,O, and o-Fe,O, nanocrystals
were reported to be 1,380 and 1,280 mAh g'!
with the stability of about 96 and 75 mAh g
after 20 cycles, respectively. These materials
offered promise for developing alternative, high
capacity negative electrodes for safer lithium
batteries as energy storage and conversion
materials [22]. Superparamagnetic Fe,O, NPs
have been successfully synthesized under the
hydrothermal conditions with the assistant of
ionic liquid 1-hexadecyl-3-methylimidazolium
chloride ([C,;mim]Cl) by Liu et al [23]. It was
found that [C, mim]CI acts as a stabilizer for the
Fe,0, nanoparticles by adsorbing on the particles’
surfaces to prevent the agglomeration. The
obtained superparamagnetic Fe,O, nanoparticles
by them have a saturation magnetization of
67.69 emu/g at 300 K [23]. Hydrophilic Fe,0,/C
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nanocomposites were prepared by a simple one-
step hydrothermal reaction route using FeCl, and
glucose as raw materials, and sodium acetate as an
alkali source. The phase structure, morphology,
and composition were characterized. Prepared
Fe,0,/C samples were demonstrated to show
typical ferromagnetic behaviors and high removal
capacities in removing the toxic Cr(VI) ions and
organic pollutant Rhodamine B from wastewater,
in addition to facile magnetic separability and
good recyclability [24]. Iron oxide synthesized
at 190 °C through the hydrothermal method
exhibited better magnetic properties due to the
uniform distribution of spheres with particle size
in the range, 18-25 nm [25].

2.3. High-Temperature Decomposition of Organic
Precursors

The decomposition of iron precursors occurs in
producing iron oxide nanoparticles in the presence
of hot organic surfactants. The prepared particles
through this method are with good size control
and crystallinity, narrow size distribution and well
dispersed as well [26]. For example, in the presence
of octyl ether and oleic acid at 100 °C, iron oleate
can be produced through the decomposition
of iron carbonyl [26]. Magnetite nanoparticles
can be prepared with the decomposition of iron
pentacarbonyl in the presence of oleic acid and
aging at 300 °C. The prepared particles show very
good crystallinity with the particle size in the range
of4to 16 nm [27]. The size and shape of the particles
prepared through this method are evaluated through
reaction temperature, time, precursors used etc. The
surfactant on the surfaces of the particles is used
to stabilize the colloid solution [28]. The thermal
decomposition of iron carbonyl in the presence of
octyl ether and oleic acid and using consecutive
aeration can produce hydrophobic magnetite
nanoparticles with narrow size distribution [29].
The decomposition of iron acetylacetonate with
1,2-hexadecanediol has been found in the presence
of oleylamine and oleic acid at high temperatures
[30]. The produced particles have sizes ranging
from 4 to 20 nm. In organic solvent, the thermal
decomposition of iron oleate and iron pentacarbonyl
can produce particles with sizes ranging from
4 to 11 nm w.r.t different temperatures [30]. The

produced iron oxide nanoparticles are dispersible
in some organic solvents. But most of these NPs
are not dispersible in water. The decomposition of
Fe(acac), or FeCl, in refluxing 2-pyrrolidone can
produce water-dispersible particles in acidic or
basic media [31].

2.4. Sol-Gel Methods

This method involves the conversion of
monomers into a colloidal solution (sol) that acts
as the precursor for an integrated network (gel).
The approach of sol-gel is cheap and it requires
low temperature allowing the fabrication of fine-
grained particles with homogeneous composition.
As prepared materials through sol-gel have
versatile applications in biomedicines, in energy
devices and in electronics. Reda [32] used a sol-
gel method to prepare Fe,O, nanoparticles in a
silica matrix. As prepared materials were used as a
photoanode to fabricate dye-sensitized solar cells
(DSSCs). The author also studied the effects of
annealing temperature as well as the concentration
of Fe,0, on the efficiency of conversion of the
Fe,0, based solar cell. Fe,O, nanoparticles are
fabricated using a sol-gel method by Kayani
et al. [33] also. The as-prepared NPs have been
characterized by them through XRD, FTIR,
SEM), TGA/DTA-DSC) and vibrating sample
magnetometer. XRD study inferred the hematite
phase of the prepared iron oxide NPs with an
average crystallite size of the range from 34 to
36.7 nm [33]. Raja et al [34] have successfully
synthesized the a-Fe O, nanoparticles via the sol-
gel technique. They estimated the optical band
gap energy as 2.55 eV. The values of coercivity
and saturation magnetization are determined
to be 3891 G and 0.4193 emu/g, respectively
for the a-Fe,O, nanoparticles. Sunder et al [35]
explored the synthesis of g-Fe O, nanostructures
by the application of the sol-gel method. Different
morphological forms of g-Fe,O, at different sizes
and their improved magnetic and electrocatalytic
behaviors can be used for potential biomedical
applications.

2.5. Microemulsions

Microemulsions have been shown to be
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an adequate, versatile, and simple method to
prepare nanosized particles [36]. In water-in-oil
microemulsion systems, the microdroplets of the
aqueous phase surrounded by surfactant molecules
are dispersed in a continuous oil phase [36]. The
surfactant molecules limit the nucleation, growth,
and agglomeration of the particles [37]. At the
point when an iron salt solution is added to the
microemulsion, the iron salt will be contained in
the aqueous microdroplets. These microdroplets
will continuously collide, coalesce, and break
again. Therefore, if two reactants are added in
the microemulsion, the precipitate of the resultant
will be formed. The growth of the particles is
progress of inter droplet exchange and nuclei
aggregation. The precipitate can be extracted from
the surfactants. Using aqueous core with aerosol-
OT/n-hexane reverse micelles in microemulsion
has produced the iron oxide nanoparticles with
a very small size distribution [38]. The aqueous
core is used to dissolve reactants. The solution of
Fe*" and Fe?' salts with ratio 2:1 was dissolved in
the aqueous core [39]. A deoxygenated solution of
sodium hydroxide is used to achieve precipitation.
The magnetite nanoparticles with smaller size and
narrower size distribution have been produced in
the presence of nitrogen gas at low temperatures.
Because of the very small size (nm) of the
aqueous core, the size of the formed particles is
less than 15 nm. The distribution of the particles
will be very narrow. The biggest advantage of the
microemulsion method is that it can control the
size of the particles by controlling the size of the
aqueous core [40].

2.6. Polyol Methods

The iron oxide nanoparticles can be produced
by the reduction of dissolved iron salts and
direct precipitation in the presence of polyol.
The polyols, such as polyethyleneglycol, have
some good properties, such as the high dielectric
constant, the ability to dissolve inorganic
compounds, and the high boiling temperatures.
They offer a wide range of operating temperature
for the production of inorganic compounds. They
are used not only as of the agents of reduction
but also as the stabilizers, and they can control
the growth of particles and prevent aggregation.
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In the polyol method, a precursor is suspended
in a liquid polyol. The suspension is stirred
and heated to a given temperature that reaches
the boiling point of polyol [41]. The precursor
becomes soluble in the diol during the process,
and then it is reduced to form metal nuclei that
will form metal particles. The particles with
the desired size and shape can be produced by
controlling the kinetics of the process [42].
The yield of iron oxide nanoparticles produced
by this method depends on the type of polyols,
ferrous salts, concentration, and temperature. The
size and yield of the particles are related to the
reduction potential of the polyols. In a report,
the non-aggregated magnetite nanoparticles have
been produced by a modified polyol method
[43]. Four different polyols, including ethylene
glycol, diethylene glycol, triethylene glycol,
and tetraethylene glycol, are used to react with
Fe(acac), at an elevated temperature. The non-
aggregated magnetite nanoparticles with narrow
size distribution and uniformed shape are only
produced when using triethylene glycol [44].

2.7. Electrochemical Methods

The y-Fe,O, nanoparticles with size
ranging from 3 to 8 nm have been prepared by
electrochemical method [45]. In this process, the
particles are produced from an iron electrode in
an aqueous solution of dimethylformamide and
cationic surfactant [45]. The size of the particles is
controlled by the current density. Electrochemical
deposition can be used to produce Fe O, and
Fe,O, particles under oxidizing conditions [46].

2.8. Aerosol/Vapor Method

Aerosol methods, including spray and laser
pyrolysis, are continuous chemical processes,
and they are allowing for high rate production. A
process in which a solution of ferric salts and a
reducing agent in organic solvents are sprayed into
a series of reactors, where the solvent evaporates
and the solute condenses is called spray pyrolysis.
The size of the original droplets controls the size
of the produced particles [47]. Using different iron
precursors in the alcoholic solution can produce
maghemite particles with size ranging from 5 to 60
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nm and with different shapes. Laser pyrolysis is a
valuable method to reduce reaction volume. In the
method, the non-aggregated particles with small
size and narrow size distribution can be produced
by using a laser to heat a flowing gaseous mixture
of the iron precursor. The produced maghemite
particles can have a size ranging from 2 to 7 nm
and very narrow size distribution by controlling
the experimental conditions. For example,
maghemite nanoparticles with a size of 5 nm have
been produced by continuous laser pyrolysis of
Fe(CO), vapors [48].

2.9. Sonolysis

The decomposition of organometallic
precursors by sonolysis can also produce iron
oxide NPs. Polymers, organic capping agents,
or structural hosts can help to limit the particle
growth. The rapid collapse of sonically generated
cavities generates a very high-temperature hot
spot, which allows the conversion of ferrous
salts into magnetic nanoparticles. For example, a
hydrosol of amorphous magnetite nanoparticles
can be produced by the sonolysis of Fe(CO),
aqueous solution in the presence of sodium
dodecyl sulfate [49]. Well-defined super magnetic
iron oxide nanoparticles have been produced by
sonolysis [50]. In the report, the produced particles
are coated with oleic acid, a surfactant, and they
can be dispersed in chitosan solution. The coated
particles have a size of 65 nm, and they are very
stable [51]. For applications, the particle size,
size distribution, particle shape, and magnetic
properties are the very important characteristics,
and different characteristics of the particles can
be obtained by different fabrication methods [52].

Iron oxide NPs are prepared and stored in
colloidal form, so the stability of the particles
is very important. The stability of the particles
is determined by three forces: hydrophobic-
hydrophobic forces, magnetic forces, and Van der
Waals forces. The nanoparticles tend to aggregate
due to the hydrophobic interactions, and micron
clusters are formed from the aggregation [53].
The micron clusters continue to aggregate due
to the magnetic dipole-dipole interactions, and
they are magnetized by neighboring clusters. In
an external magnetic field, the clusters are further

magnetized, and their aggregation increases.
Because of the Van der Waals forces to minimize
the total surface energy, the nanoparticles also
aggregate in suspension. The clusters have low
surface areas, have large volumes, and show
ferromagnetic behavior. Therefore, the aggregation
by these forces limits the applications of iron
oxide NPs. Coatings (or stabilizer) are required
to stabilize the iron oxide NPs [54]. Stabilizers,
including surfactants and polymers, are usually
added during the preparation process to prevent
aggregation of the particles [55]. For biomedical
applications, the ideal coating materials also
should be biocompatible and biodegradable.
The polymers generally adhere to the surfaces
in a substrate-specific manner. Coatings also can
protect the particles from further oxidization [56].

2.10. Green Synthesis

Green synthesis is the plant-mediated
synthesis of nanoparticles that reduces the use of
hazardous substances in the design, manufacture,
and application of chemical products. The use
of leaves, flower, stem, root or whole plant for
the synthesis of NPs is considered to be a green
approach [57-63]. Different researchers have
reported the synthesis of IONPs using the green
synthesis route. Demirezen et al. [57] have
used Ficus carica (dried fruit extract) and ferric
chloride hexahydrate to synthesize IONPs. The
size of the nanoparticles was found to be 9 + 4
nm by TEM. Taib et.al [58] have used Azadirachta
indica aqueous leaf extract as a reducing agent and
stabilizing agent for the synthesis of stable [ONPs.
The presence of biomolecules like flavonoids and
terpenoids of the aqueous leaf extract is found
to play a major role in the formation of Fe,O,-
NPs through infrared spectra analysis. TEM
study inferred the size in the range of 9-14 nm.
Kanagasubbulakshmi et.al [59] have utilized
Lagenaria siceraria leaf extract for the green
synthesis of IONPs and their characterization was
done by UV-vis, SEM, EDX, XRD and FTIR.
IONPs were found to be cubical in shape and size
ranges from 30 nm-100 nm. The phytochemicals
present in the leaf play a role as a reducing agent
that assists in the synthesis of Fe,O,-NPs with
increased antioxidant properties. An aqueous
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extract of Eriobotrya japonica leaves was used
by Onal et al [60], as a heterogeneous Fenton
like catalyst for the green synthesis of IONPs.
The NPs were characterized by XRD, FTIR and
SEM and the results were found to be irregular
spherical shaped nanoparticles and mainly consist
of y-Fe,O, and Fe,O, and iron oxyhydroxide
(FeOOH) structures. The as-prepared IONPs were
used as a heterogeneous catalyst for decolorisation
of a toxic azo-dyestuff and basic red 46. Platanus
orientalis leaf extract is elucidated by Sylvia Devi
et al [61] for the green synthesis of IONPs. This
leaf extract plays a dual role in reducing and
capping agents for the preparation of IONPs. The
authors have explained the role of the leaf extract
in the fabrication of IONPs in this research.
XRD inferred the existence of mixed-phase iron
oxide of a-Fe O, and y-Fe, O,. TEM estimated an
average diameter of 38 nm for the as-prepared
nanomaterial. As prepared IONPs show valuable

antifungal activity against Aspergillus niger and
Mucor piriformis. Ag/Fe,04 nanocomposite was
prepared by Euphorbia peplus Linn (L.) leaf
extract as a suitable reducing source and stabilizing
agent by Sajjadi et al [62]. TEM analysis inferred
the spherical shape of Ag/Fe,O, nanocomposite
with an average size of 5-10 nm. The as-prepared
Ag/Fe O, nanocomposite was employed as a
magnetically recoverable catalyst for the [2+3]
cycloaddition of arylcyanamides and sodium
azide. This study reports a facile and eco-friendly
approach for the ultrasound-assisted synthesis
of silver and iron oxide nanoparticles and their
enhanced antibacterial and antioxidant activities.
The fenugreek seed extract was used as reducing,
capping, and stabilizing agents for the synthesis
of superparamagnetic IONPs by Deshmukh et al
[63]. TEM study measured the particle size in the
range of 20-40 nm. The fenugreek seed extract
was confirmed as a reducing and capping agent

Table 1. Size/morphology and application of Fe,O,/Fe,O, nanomaterial prepared through

green synthesis method

G Material Ref.
Material reel;se;l erta Particle size/morphology Applications ¢
Ficus carica 9 + 4 nm, spherical shapes
Fe,O, (common fig) with a monodisperse Biomedical [57]
dried fruit extract | distribution
. o biomedical applicati
Azadirachta indi- | 9-14 nm, the shape was rome 1.c aapp 1.ca rons
Fe,O . such as in targeting drug [58]
34 ca leaf extract mostly spherical and oval .
delivery system
. MRI contrast enhancement,
Lagenaria tissue repair, hyperthermia
Fe O siceraria leaves 30 mm - 100 nm p > P . ’ [59]
e drug delivery and in cell
extract .
separation
Eriobotrva ia 30-100 nm by SEM anal-
y-Fe, 0, and Fe,O,, ponicatllzlavjes ysis, irregular spherical Heterogeneous catalyst [60]
shape
wFe.O. and Platanus orienta- The.spherical oxide Antifun.gal ac.tiVity against
23 . particles have an average | Aspergillus niger and Mucor | [61]
v-Fe O lis leaf extract . . .
273 diameter of 38 nm piriformis.
M ticall -
Euphorbia pep- Spherical shaped nano- agnetically Tecover
. . . able catalyst for the [2+3]
Ag/Fe O lus Linn (L.) leaf | composite with an average . [62]
34 . cycloaddition of arylcyana-
extract size of 5-10 nm . . .
mides and sodium azide
Mégnetic iron Fenugreek seed Particle size in the range antibacterial activitics 63]
oxide extract 0f 20-40 nm
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by FTIR spectra. As prepared IONPs were used in
antibacterial activities. The advantages of green
synthesis over chemical and physical approaches
are eco-friendliness, low cost, low energy, simple
technique, non-toxic, and easy availability of
the starting materials. The outcome of different
researchers on the green synthesis of IONPs is
summarized in Table 1.

3. CHARACTERIZATION

The size and shape of iron oxide nanoparticles
(IONPs) are also very important parameters
because they are not only related to the magnetic
properties but also related to the applications of
the particles. Size can also represent the crystalline
part of the iron core, the whole iron core including
both the crystalline and amorphous part, the core
and the whole particle including both the core and
the coating [64]. The particles also have a range
of their size, so the size can represent the number,
volume, or intensity-weighted mean size. TEM
can be used to characterize the size and shape
of the particles. The size of the particles can be
determined by using High-resolution TEM. It
also provides the details of the size distribution
and the shape of the particles [65]. It can be used
to study defects and surface atomic arrangement
of the particles also, as it shows the arrangement
of the atoms. XRD can be used to determine
the crystalline structure of the particles [66]. In
an XRD diffraction pattern, the intensity of the
iron oxide peak can be used to determine the
proportion of iron oxide formed in a mixture by
comparing the experimental peak and reference
peak intensities. The crystallite size of the crystal
can be determined from the XRD analysis.
Small-angle Neutron Scattering can be used to
characterize the size, size distribution, shape, and
structure of the particles. The surface morphology
of the nanomaterials can be characterized by SEM
study and EDX can be used for the compositional
analysis. The specific surface area is measured
by BET measurements and the FTIR is used to
measure the functional groups.

The characterizations carried out by some
of the researchers for IONPs are demonstrated
herewith. Bhoj and Mandal [11] characterized the
structure and crystallite size of Fe,O, nanopowders

with help of XRD. Figure 1 presents the X-ray
diffractogram of Fe O, nanopowders prepared
by heating the polymeric precursor in the air at
200°C for 4h. XRD indicates the well-defined
hexagonal shape with the R3C space group for
the as-prepared materials. The average crystallite
size, D was calculated with D2q1/2 in the (110),
(121), (120) and (220) etc prominent peaks of the
diffractogram.
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Fig. 1. The X-ray diffractograms of Fe,O, nanopowders
processed by heating the polymeric precursor in air at
200°C for 4h. [Reproduced from Inter. J. Innovations &
Advancement in Comp. Sci., 2015, 4, 12, Mandal et al.] [11].

Fe,0,-C nanocomposite was characterized
by Fichtner et al. [67] with the help of SEM
and TEM. The SEM image of [Fe O -C] (Figure
2) demonstrates that the material consists
of interlinked nanotubes and nanogranular
structures. The tubes were determined with
the diameter of the range between 10 and
100 nm with the lengths varied up to several
micrometers. There were a large number of
tubes encapsulated with Fe,O, nanoparticles at
their tips, including some longer tubes within
it. The presence of a core-shell structure is
inferred with the TEM from the nanogranular
region of the composite, containing Fe,O, cores
with graphitic onions shells. The interface
between graphitic carbon and Fe,O, with short-
range disordered layers is observed. The Fe,O,
particles were surrounded by around 8 layers of
graphite with an average C-coating thickness of
approximately 3 nm.
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Fig. 2. SEM (top left) and TEM images of [Fe,O,-C].
[Reproduced from Beilstein J. Nanotechno., 2013, 4, 699-
704, Prakash R., Fanselau K., Ren S., Mandal T. K., Kiibel

C., Hahn H., Fichtner M] [67].

The IONPs were characterized by Sylvia Devi
et al [61] applying XRD, SEM, TEM, EDX,
IR and Uv-vis spectroscopy. XRD inferred the
existence of mixed-phase iron oxide of a-Fe,O,
and y-Fe,O,. The spherical oxide particles have an
average diameter of 38 nm as measured from TEM.
The green synthesized Ag/Fe,O, nanocomposite
was characterized using XRD, field emission
scanning electron microscope, TEM, EDX and
FTIR spectroscopy by Sajjadi et al [62]. TEM
analysis of Ag/Fe,O, nanocomposite showed
the spherical shape NPs with an average size of
5-10 nm. Nanoparticles prepared by Demirezen
[57] were characterized by XRD, EDX, TEM,
UV-visible spectroscopy and FTIR. TEM images
confirmed the size of the NPs prepared by them
as 9+4nm with a metallic core-oxide shell
form. The nanoparticles were found in spherical
shapes with a monodisperse distribution. Kayani
etal. [33] characterized the sol-gel prepared Fe,O,
NPs through XRD, FTIR, SEM, TGA/DTA-DSC
and vibrating sample magnetometer. XRD study
inferred the hematite phase of the as-prepared iron
oxide NPs with an average crystallite size of the
range from 34 to 36.7 nm [33].

4. APPLICATIONS
Magnetic iron oxide nanomaterials (MIONs)

with proper surface chemistry possess the interesting
properties that can be utilized in a variety of
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applications like biomedical (targeted drug delivery,
MRI contrast agent, antibacterial, hyperthermia, and
other cancer treatments), nanorobotics (treatment of
diabetes, treatment of cancer, cellular nanosurgery
and gene-therapy) and energy devices (Li-ion
battery, supercapacitor and chemical sensor). Figure
3 summarizes the applications of magnetic iron
oxide nanomaterials.

Biomedical Targeted drug delivery

MRI contrast agent
Antibacterial
Hyperthermia
Cancer treatment

Li-ion battery
Supercapacitor
Chemical sensor

Applications
of

Iron Oxide

nanomaterials

Energy
Devices

Nanorobotics

Treatment of diabetes
[Treatment of cancer
Cellular nanosurgery
Gene-therapy

Fig. 3. The applications of magnetic iron oxide

nanomaterials.
4.1 Bio Medical

Magnetic iron oxide NPs (MIONs) have
been intensively studied in several years for
its applications in targeted drug delivery, MRI
contrast agent, magnetic gels, magnetic recording
media, ferrofluids, hypothermia cancer treatment
and other biomedical applications [68]. Below a
critical size, magnetic particles become a single
domain in contrast with the usual multidomain
structure of the bulk magnetic materials and exhibit
unique phenomena such as superparamagnetism
[69] and quantum tunneling of the magnetization
[70-71].

MIONS have very important applications in the
hyperthermia treatment process. Hyperthermia
is an elevated body temperature condition
owing to the failure of thermoregulation. If
the elevated body temperatures are relatively
high, hyperthermia is a medical emergency and
requires immediate treatment. Hyperthermia can
be created artificially by drugs or medical devices
and hyperthermia therapy which are exploited to
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treat some kinds of cancer and other conditions in
conjunction with radiotherapy, chemotherapy or
both. MIONs are mostly nanometer-sized ferrite
nanoparticles of magnetite (Fe,O,) or maghemite
(g-Fe,0,) [72].

On exposure to an alternating magnetic field
(AMF), MIONSs create heat with the mechanisms
of hysteresis loss and relaxational losses [72].
Hysteresis loss occurs in large MIONs which
have multiple magnetic domains. Such MION
particles on application to an AMF results in the
orientation of the magnetic moments to align
continuously with the direction of the magnetic
field [Figure-4] [72]. This creates a difference
in energy which is produced in the form of heat
[73]. On decreasing M ION sizes, the number
of magnetic domains will also reduce until a
single magnetic domain remains at a threshold
size [74]. When the size is reached below this,
MIONSs are deemed supe rparamagnetic and in
the presence of an AMF, heat is mainly generated
by Néel relaxation an d Brownian relaxation
[76]. Néel relaxation refers to rapid changes in
the particle’s magnetic moment when treated

Magnetic field

Without magnetic  gjraction
Field

to AMF [Figure-4] [76]. The rapid realignment
is opposed by the cry stalline structure of the
particles, resulting in heat production. Brownian
relaxation refers to the frictional heat produced
from the physical rotation of particles within
a supporting medium w hen the particles
attempt to realign themselves with the change
in the magnetic field [Figure-4] [75-76]. More
discussion on the me chanism of heating is
reported by Ruta et al. elsewhere [77].

The MIONs with the size range of 10-20
nm found to show the best superparamagnetic
properties. But with this size, the NPs face the
problem of agglomera tion. Coating of MIONs
with biocompatible m aterials like peptides,
lipids, and silica p rovides a good alternative
to protect magnetic NPs. Different researchers
studied on the coating of MIONSs to obtain the
best hyperthermia pr operties. Marzieh et al.
[78] applied the den drimer nanopolymers for
coating IONPs for the application in magnetic
hyperthermia. They u sed the fourth-generation
polyamidoamine dendrimer-coated IONPs (G,@
IONPs, particle size 10+4nm) through the
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direction
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Fig. 4. Heat generation mechanisms of magnetic NPs in response to an AMF. Green circles indicate MIONS, short straight
arrows indicate magnetic field direction, curved arrows indicate the movement (solid curved arrow) or change in magnetic
moment direction (dashed curved arrow) and dashed lines indicate domain boundaries in multidomain particles. Adapted
from Suriyanto et al. Biomed. Eng. Online, 201, 16, 36 [76].
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co-precipitation method. The cytotoxicity of
G,@IONPs with different concentrations was
investigated in a human breast cancer cell line
(MCF,) and human fibroblast cell line (HDF)).
The in vitro toxicity assessments confirmed
the low of the as-prepared NPs. Their results
encouraged the future application of G4@IONPs
in magnetic hyperthermia [78]. Kandasamy et
al [79] investigated the potential of magnetic
hyperthermia using aminosilane-coated SPIONs
in a glioblastoma tumor model. The magnetic
hyperthermia was found to be effective for the
therapeutical process of glioblastoma tumors in
the animal models, using aminosilane-coated
SPIONSs with a high specific absorption rate [79].
Cheraghipour et al. [80] studied the citrate capped
SPIONSs, used for magnetic fluid hyperthermia
therapy. Curcio et al [81] reported the design of
an optimized nanohybrid for cancer tri-therapy,

featuring maghemite (y-Fe,0,) nanoflower-like
multicore nanoparticles considered for efficient
magnetic hyperthermia and a spiky copper sulfide
shell (IONF@CuS) with a high near-infrared
absorption coefficient suitable for photothermal
and photodynamic therapy.

The effect of interparticle interactions on the
hyperthermia properties of Fe,O, NPs was studied
by Aslibeiki et al [82]. They found the increase
in temperature with an increase in NPs in an AC
magnetic field,e.g. the temperature increase of
7 nm particles obtained was 8 times more than
that of 5nm particles [82]. Ebrahimisadr et al
observed the effect of concentration on magnetic
hyperthermia properties of Fe,O, NPs (18 nm)
prepared via co-precipitation method. The
temperature rise of suspension in the AC magnetic
field was found to increase sharply with increasing
the NPs concentration [83]. Kandasamy et al [84]

Table 2. The summary of work of different researchers on hyperthermia

Material

Property improvements/ Applications Ref

Fe,O, NPs

Interparticle interactions influence the heat generation of NPs. They
observed more temperature rise with more particle size.

(82]

Fe,O, NPs

Effect of concentration on magnetic hyperthermia properties of Fe O,
NPs. Mean diameter of NPs was at around 18 nm (SEM), The XRD
study inferred the spinel structure of Fe,O, AT increased sharply with
increase in the NPs concentration.

[83]

Fourth-generation dendrim-
er-coated iron-oxide nanoparti-
cles (G,@IONPs)

The cytotoxicity of G,@IONPs with different concentrations was
assessed in a human breast cancer cell line (MCF.) and human fi-
broblast cell line (HDF ). The viability of MCF, cells incubated with
G,@IONPs decreased significantly after magnetic hyperthermia.

(78]

Colloidal dispersion (Fe-
raSpin™R) of iron oxide cores

The influence of clustering on hyperthermia performance of iron
oxide nanoparticles was studied. Iron oxide cores mean size 9 nm, [85]
varying cluster size was about 18-56 nm.

Effect of assemblies of magnetic iron oxide nanoparticles in hyper-

absorption rate of 5.6 W/g in a field of 5.0 kA/m, and a concentration
of 5 wt.% was sufficient to increase the temperature above the tem-
perature required for magnetic hyperthermia treatment.

Iron oxide nanoparticles . 86
x p thermia. [86]
The as obtained results confirmed the efficiency of the nanoclusters to
Iron oxide magnetic nanoclus- | generate the required intratumoral temperature after repeated injec- 87]
ters tions and demonstrated that nanocluster-mediated magnetic hyperther-
mia significantly inhibits cancer growth.
Heat transfer properties of iron oxide nanoparticles were investigated
to study magnetic fluid hyperthermia, Magnetite nanoparticles with a
. . median diameter of 13.8 nm fixed in an agar matrix showed a specific
Iron oxide nanoparticles ! X & X sHow P [88]
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studied the synthesis of hydrophilic and surface-
functionalized SPIONs through coprecipitation/
thermolysis methods followed by in situ surface
functionalization with short-chained molecules
for the treatment of liver cancer [84].

The influence of clustering on the hyperthermia
performance of IONPs has been investigated by
Bender et al [85] with a commercial colloidal
dispersion (FeraSpin™R) of iron oxide cores
(mean size about 9 nm) with varying cluster size

of 18-56 nm. They observed that clustering of
the superparamagnetic cores leads to remanent
magnetic moments within the large clusters.
Because of the internal moment relaxation, the
colloids with the large clusters excel in magnetic
hyperthermia experiments [85].

Usov [86] studied that dilute assemblies of
iron oxide NPs of optimal diameters are capable
of providing SAR of the order of 400-600 W/g
in AMF with the amplitude HO = 100 Oe in the

Table 3. Clinical trials (randomized) on hyperthermia combined with radiotherapy, chemotherapy or chemotherapy/chemotherapy.

Number
Type of Cancer of patients Treatment type Outcomes Ref.
M (random- yp et
ized)
Control arm- Neoadjuvant chemo-radio- .
. Complete response- 25% in
Squamous cell therapy & surgery Experimental arm- Neo- . o
. . . experimental arm- 5.9% in
carcinoma of the adjuvant hyperthermochemoradiotherapy .
. 66 .. . . . . |control arm 3 year surviv- [89]
thoracic esopha- (capacitive system involving an intralumi- .
- . o al 50.4% experimental arm
gus undergoing nal applicator, 42.5-44°C at tumor surface
. . 24.2% control arm
for 30 min & 6 sessions)
Control arm- Radiotherapy & oral
hydroxyurea & brachytherapy boost
Experimental arm- Radiotherapy & oral |Median survival- 76 weeks
Glioblastoma 79 hydroxyurea & brachytherapy boost for control arm 85 weeks for | [90]
& radiative hyperthermia, 915 MHz, hyperthermia arm p = 0.02
>42.5°C for 30 min, 15-30 min before
and after brachytherapy)
Control arm- Neoadjuvant & adjuvant
chemoth.er.apy (etoposide, ifosfamide, Median follow-up 34 months
. . doxorubicine) & local therapy (surgery . . .
Localised high- . . significant improvement in
. . +/- radiotherapy) Experimental arm: -
risk soft-tissue . . local progression-free sur-
Neoadjuvant and adjuvant chemotherapy | . .
sarcoma, extrem- (341 S . .. vival (hazard ratio = 0.58, [91]
. . (etoposide, ifosfamide, doxorubicine) & | .
ity and retroperi- . p =0.003) and disease-free
toneal local therapy (surgery +/- radiotherapy) survival (hazard ratio = 0.7
& radiative hyperthermia, 42°C for 60 | 0.011) HP
min on first day and 4 of 3 weekly che- ’
motherapy cycles for to 8 sessions)
. . CHT is a safe and effective
The primary end point was 24-mo recur- . .
. . . . treatment option 1n patients
. rence-free survival in the intention-to-treat| . . . .
Non-muscle-in- and per-protocol analvses in all papillar with intermediate- and high-
vasive bladder 190 perprot _y paptiary ik papillary NMIBC. A sig- | [92]
NMIBC patients (n = 147). Analyses done | . .
cancer (NMIBC) . . nificantly higher 24-mo RFS
with the log-rank test and Fisher exact . .
. in the CHT group was seen in
test. All tests were two-sided. .
the PP analysis.
NMIBC when Primary outcome measures were DFS T.h ere was no significant
. difference in DFS between
bacillus Calmette- and complete response at 3 mo for the .
.. 104 .. treatment arms (hazard ratio [93]
Guérin (BCG) CIS at randomization subgroup. The N .
fails analysis was based on intention-to-treat 133, 95% confidence interval
’ " |[CI] 0.84-2.10, p = 0.23).
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frequency range f = 300-500 kHz [86]. Albarqi et
al [87] used cobalt- and manganese-doped, IONPs
(CoMn-IONP) encapsulated in biocompatible
PEG-PCL (poly(ethylene  glycol)- b-poly(e-
caprolactone)-based nanocarriers to generate the
required intratumoral temperature above 40°C.
In the study of Yamamoto et al [88], IONPs were
dispersed in an agar phantom in order to use them
to mimic tumor tissue that is surrounded by normal
tissue, to study magnetic fluid hyperthermia.
Magnetite nanoparticles with a median diameter of
13.8 nm fixed in an agar matrix showed a specific
absorption rate of 5.6 W/g in afield of 5.0 kA/m, and
a concentration of 5 wt% was sufficient to increase
the required temperature [88]. The observations
of different researchers on hyperthermia are
summarized in Table 2. A number of randomized
clinical trials have been reported on the impact of
hyperthermia on various cancers in combination
with radiotherapy, chemotherapy or both with many
studies recently in progress (Table 3).

Magnetic nanoparticles of Fe,O, are able to target
cancerous cells and have potential use in cancer
therapeutics [94-97]. Kyeong et al [98] reported the
fabrication of Fe,O, NPs double-layered silica NPs
with a silica core and highly packed Fe, O, NPs layers
for Efficient Bio-Separation. A novel ideal multimodal
contrast agent, MCAs (F-AuNC@Fe,0,) were
engineered by assembling Au nanocages and ultra-
smalliron oxide nanoparticles (Fe,0,) for simultaneous
T -T, dual MRI and CT contrast imaging [99]. The
antimicrobial property of green synthesized Fe,O,-
NPs [59] was investigated against Gram-negative -
Escherchia coli and Gram positive- Staphylococcus
aureus, The Zone of inhibition for this study was
found to be 10 mm for Escherchia coli and 8 mm for
Staphylococcus aureus. As prepared IONPs prepared
through the green synthesis method by Sylvia Devi
et al [61] show valuable antifungal activity against
Aspergillus niger and Mucor piriformis. Nanorods of
g-Fe O, [100] and a-Fe,O, [101] fabricated through
the hydrothermal method are used in biomedical
and antibacterial activity respectively, while g-Fe O,
nanorods [102] prepared via co-precipitation method
is used in bio-tagging.

4.2. Nanorobotics

Nanorobotics is the technology of creating
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robots at the nanoscale [103] The names
nanobots, nanoids, nanites or nanomites have also
been used to describe these hypothetical devices
currently under research and development.
These nanoscale machines are very tiny stuff as
small as the molecular size. So, it can enter the
biological organ effectively and easily without
any obstacles like the antibody response, because
the size of the nano-machine is smaller than the
antibody’s size. If there is any antibody response,
the nanorobot can get out of the antigen-antibody
reaction. Nanorobot is applied in advanced
medical applications like the detection and
treatment of diabetes. It is also used in early
detection and treatment of cancer, in cellular
nanosurgery and genetherapy [103-104]. Because
magnetism has been widely used in medical
nanorobotics, MIONS, in particular, have shown
to be well suited for this purpose. Sylvain Martel
has reviewed the use of magnetic nanoparticles
in the field of medical nanorobotics with some
of the related main functionalities that can be
embedded in nanorobotic agents [103]. Fe,O,
and g-Fe,O, in particular, are used extensively in
medical nanorobotic applications due to their low
toxicity and their known pathways of metabolism,
making these materials attractive for nanorobotic
agents designed for medical applications [103]. In
medical nanorobotics, Fe,O, MIONs are generally
preferred to g-Fe,O, MNP due to its higher
saturation magnetization. The magnetization state
for a ferromagnetic material is the result of the
alignment of microscopic regions in the material
known as magnetic domains or magnetic moments.
Guiding magnetic iron oxide nanoparticles with
the help of an external magnetic field to its
target is the principle behind the development
of superparamagnetic iron oxide nanoparticles
(SPIONSs) as novel drug delivery vehicles [104].
SPIONs are small synthetic y-Fe,O, or Fe,O,
particles with a core ranging between 10 nm and
100 nm in diameter. These magnetic particles
are coated with certain biocompatible polymers,
such as dextran or polyethylene glycol, which
provide chemical handles for the conjugation
of therapeutic agents and also improve their
blood distribution profile. The recent research
on SPIONs is increasing because of their use as
diagnostic agents in magnetic resonance imaging
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MEDICAL NANOROBOT

Magnetization of Fes0.,,
53.3-97 .4 emu/g [19]
67.69 em_ufg [23]

SPIONs (Fe;0sorsynthetic yv-Fe:03)
Particles size: 10 nm-100 nm

Fe-04 are generally preferred to
v-Fez03 due to higher saturation

;

Coating with biocompatible

polyethylene glycol

(i) Diagnostic agents in MR

polymers e,g, dextran or  jemtses (ii) Dmg delivery vehicles
(delivery of anticancer drugs by
coupling with functionalized SFIONs
to their targeted site)

Fig. 5. A schematic diagram about medical nanorobot and its applications.

as well as for drug delivery vehicles. Delivery of
anticancer drugs by coupling with functionalized
SPIONs to their targeted site is one of the
important areas of research in the development
of cancer treatment methods [104]. A schematic
diagram of medical nanorobot is presented
in Figure 5. Magnetic helical nanorobots can
perform 3D navigation in various liquids with
a sub-micrometer precision under low-strength
rotating magnetic fields (<10 mT) [105]. Since
magnetic fields with low strengths are harmless to
cells and tissues, magnetic helical nanorobots are
promising tools for biomedical applications, such
as minimally invasive surgery, cell manipulation
and analysis, and targeted therapy. Qiu and
Nelson [105] checked on magnetic helical
micro/nanorobots, including their fabrication,
motion control, and further functionalization
for biomedical applications. Nanoparticles with
magnetic property can be used as the primary
method of physically directing aptamer-MNPs
and drug payloads to their target cells [106].
Aptamer-MNPs could act as nanosurgeons [106].

4.3. Energy Devices
Nanocrystalline  a-Fe,0,  based  dye-

sensitized solar cells (DSSC) with two different
morphologies, such as nanorods and nanoparticles,

have been prepared by Manikandan et al applying
one-pot low-temperature method [107]. The
magnetic measurement revealed the ferromagnetic
behavior of the as-prepared a-Fe,O, samples. The
DSSC based on the optimized a-Fe,O, nanorods
array reaches a conversion efficiency of 0.43%,
which is higher than that obtained from a-Fe,O,
nanoparticles (0.29%) under the light radiation
of 1000 W/m?* [107]. Core-shell y-Fe,O,@Sn0O,
hollow nanoparticles have been synthesized by
a low-cost and environmentally friendly seed-
mediated hydrothermal method by Zhang et al
[108]. The gas sensing tests of the y-Fe,O,@
SnO, hollow NPs revealed that the samples
exhibited fast response and recovery rates, which
enable them to be promising materials for gas
sensors. A facile and template-free greener route
is used to fabricate natural polysaccharide-based
biocompatible mesh-like Fe,O,/C nanocomposites
for supercapacitor applications [109]. The
nanocomposite prepared at 500°C with mesh-like
structure reveals maximum specific capacitance
of 315 Fg' in 2 M KOH solution at a scan rate
of 2 mVs! and good capacity retention (88.9%)
after 1500 continues charge-discharge cycles with
energy density of 37 Whkg™', indicating that the
Fe,0,/C composite can be used as a promising
electroactive material for a supercapacitor.
Umar and coworkers reported the synthesis
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and characterizations of o-Fe,O, hexagonal
nanoparticles and their effective utilization for the
smart chemical sensor applications [110]. The as-
synthesized a-Fe, O, nanoparticles were utilized as
efficient electron mediators for the fabrication of
4-nitrophenol chemical sensor in aqueous media.

A new carbon encapsulated Fe,O,
nanocomposite was synthesized by simple
one-step pyrolysis of Fe(CO), by Fichtner et
al [67] for the Li-ion battery energy storage
device application. The as-prepared Fe O,/C
nanocomposite electrode exhibited a stable
reversible capacity of 920 mAh-g™' at 93 mA-g™!
in the subsequent 50 cycles. The as-synthesized
material could be used directly as an anode
in a Li-ion cell and demonstrated a stable
capacity, and good cyclic and rate performances.
Nanocasting strategy is employed to tune the
structure and size of a-Fe,O, active nanoparticles
as a promising anode material for Li-ion cells by
Lupo et al [111].

Different group of researchers have also
prepared a-Fe O, nanoparticles for the use of
electrode material in Li-ion battery with different
active material structure like, nano-flakes [112],
mesoporous nano [113], spindle-like mesoporous
[114], hollow spheres mesoporous shell [115],
porous nanoflowers [116] and they reported
different reversible capacity of their prepared
material (680 mAh g-' @ 80 cycle [112], 1293
mAh g-' @ 50 cycle [113], 911 mAh g-' @ 50
cycle [114], 830 mAh g-! @ 15 cycle [115], 974
mAh g!' @ 1 cycle [116]). Superparamagnetic
Fe,0, nanocrystals@graphene composites (FGC)
were prepared and used as supercapacitors by Li
et al [117]. The super capacitance values of the
FGC composites were increased compared with
those of the graphene sheets or Fe,O, NCs. A
comprehensive design of carbon-encapsulated
Fe,O, nanocrystals and their lithium storage
properties have been reported by Song et al [118].
Ahigh-performance supercapacitor-battery hybrid
energy storage device based on graphene-enhanced
electrode materials with ultrahigh energy density
has been designed and fabricated by Zhang et al.
[119]. The as-fabricated hybrid supercapacitor
Fe,0,/G//3DGraphene demonstrated an ultrahigh
energy density of 147 Whkg™' (power density of
150 Wkg '), which also remained of 86 Whkg!
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even at a high power density of 2587 Wkg'. A
high-performance supercapacitor-battery hybrid
energy storage device based on graphene-enhanced
electrode materials with ultrahigh energy density
Fe,N surface-modified Fe,O, NPs with excellent
lithium storage ability were reported by Li et al
[120]. Uniform Fe,O, nanospheres with carbon
matrix support for improved lithium storage
capabilities were synthesized by Chen et al [121],
with a reversible capacity of 712 mAh g' retained
after 60 charge/discharge cycles, using one-pot
synthesis method. Fe,O,@C microcapsules were
prepared via two-step hydrothermal reactions by
Yuan et al [122]. In Fe,O,@C microcapsules,
mesoporous Fe,O, nanorods are coated with
amorphous carbon layers. In Li test cells, the
Fe,0,/C composites with such special structures
demonstrate a high specific capacity and good
cyclic stability as anode materials.

A high-density magnetic storage device
material for the development of spintronics and
RAM devices was reported by Tsuchiya et al.
[123]. Deniz et al fabricated a heterojunction
device of Au/Fe,O, NPs/n-Si/Al with the as-
prepared Fe O, nanoparticles (monodisperse
8 nm) [124]. Fe,O,/CNT nanostructures were
developed and exploited as anode catalysts in
mediatorless microbial fuel cells (MFC) by Park
et al [125]. Fe,0,/CNT composite (Fe,O, NPs:
3~8-nm-sized) showed the maximum MFC power
density of 865 mW m™ associated with excellent
durability performances. FeO/Fe,O, core-shell
nanocubes have been investigated by Torruella
et al [126]. Fe O, nanofilm semiconductor
prepared by Pawar et al [127] is applied by them
in the gas sensors. Fe,O,/reduced graphene oxide
(rGO) nanocomposite [128] fabricated through
hydrothermal method and mesoporous g-Fe,O,
nanoparticle/Ketjen Black composite [129]
prepared through a combination of solvothermal
and precursor thermal route are applied in Li-ion
battery. Fe,O,/S nanocomposite synthesized via
the wet chemistry route by Zhao et al. [130] is
used as the cathode in lithium-sulfur batteries.

Thus, the present review will shed more light
on synthesis methods, nano-scale properties
and applications of iron oxide nanomaterials.
Different iron oxide nanostructures, properties,
and applications are summarized in Table 5.
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Table 4. A summary of the application of different iron oxide nanomaterials in energy devices

Nanostructure Particle size/property Application Ref.
. Manikandan et
a-Fe O, Nanorod & NPs Ferromagnetic DSSC anieandan e
273 al [107]
o Zhang et al
Sampl hibited fast
Core-shell y-Fe,0,@Sn0O, ampres exhubitec last response Gas sensor [108]
and recovery rates
. Electroacti terial, ifi i- . Seth t al
Fe,0,/C nanocomposites for ectroactive material, specific capaci Supercapacitor ethuraman et a

tance of 315 Fg' in 2 M KOH solution

[109]

Fe,0,/C nanocomposite

Electrode with reversible capacity
0of 920 mAh-g™" at 93 mA-g ' in the
subsequent 50 cycles

Anode in Li-ion
battery

Fichtner et al
[67]

U,-F6203

Electroactive material

Anode in Li-ion
battery

Lupoetal [111]

o-Fe, O, nano-flakes

Reversible capacity:
680 mA h g-' @ 80 cycle

Electrode in Li-
ion battery

Reddy et al
[112]

Mesoporous nano a-Fe,O,

Reversible capacity:
1293 mA h g-' @ 50 cycle

Electrode in Li-
ion battery

Sun et al [113]

Spindle like mesoporous
a-Fe,0,

Reversible capacity:
911 mAh g'! @ 50 cycle

Electrode in Li-
ion battery

Xu etal [114]

Hollow spheres mesoporous
shell a-Fe,0,

Reversible capacity:
830 mAh g!' @ 15 cycle

Electrode in Li-
ion battery

Wuetal [115]

a-Fe,0, porous nanoflowers

Reversible capacity:

Electrode in Li-

Zeng at al [116]

974 mAh g' @ 1 cycle ion battery
Fe.O tal . . .
€™, Nanoctysta .S@ Superparamagnetic Supercapacitor Lietal [117]
graphene composites
Fe.0,/G//3DGraphene G'raphene-enhance?d electrode mafe- ‘ Zhang et al
b ‘3bri4d rials: Energy density: 147 W h kg™, Supercapacitor [119]
Y power density: 150 W kg™!
. . . . Supercapacitor-bat-
Fe,N surface-modified Electrode materials with ultrahigh . .
3 . tery hybrid energy Lietal [120]
Fe,O, NPs energy density .
storage device

Enhanced lithium storage properties,

Li storage mate-

Fe,0, nanospheres/Carbon reversible capacity of 712 mA h g! rial Chen et al [121]
retained after 60 cycles
Fe,0,@C microcapsule High specific capacity and good cyclic Anode material Yuan [122]

stability

Fe3O 4/CNT nanostructures

Fe,O, NPs (3~8-nm-sized), Power
density of composite: 865 mW m™

Anode catalysts in
mediatorless mi-
crobial fuel cells

Park et al [125].
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Table 5. A summary of different iron oxide nanostructures

Particle size/

Nanostructure Fabrication Method Application Ref.
property
Adsorbent for the re-
Fl like a-Fe O . Cao et al
OWETTHKE 06,V Solvothermal High surface area moval of AsY and Cr"! aocta
nanostructures [131]
from water
60 nm, super para Aghaza-
g-Fe, O, nanorods Hydrothermal i P .p Biomedical deh et al
magnetic particles
[100]
Av. diameter: 10 t . . .. D t al
a-Fe, O, nanorods Hydrothermal 35Vnr:1ame o © | Antibacterial activity [ lzv:]y cta
17 nm, good optical
bsorb Dhi t
Fe, O, nano-flakes Solution combustion absor a.nce and Photocatalyst rman e
273 magnetic al [132]
properties
. 18 -spher- . . Layek et
y-Fe, O, nanorods Co-precipitation icaln 0, non-=spher Bio-tagging alaflleo 2;:
Size: about 5 nm,
. high specific sur- to remove arsenic Tanga et
a-Fe O, nanoparticles | Solvent thermal face area of ~162 in water al [133]
m*/g
o -t icon- Nair et al
Fe,O, nanofilm Screen printing zuztr())i semicon Gas sensor [ lzz)lg]e a
Pastra-
Catalyst (used for .
Ivoth 1 -Marti-
Fe,0, & y-Fe,0, Solvotherma 50-100 nm degradation of diphen- | " T
hydramine) nez etal
Y [134]
Av size: 9 nm,
Fe,O,/reduced specific capacity S Sethura-
A Li-ion Bat-
graphene oxide (rGO) | Hydrothermal maintained at 600 node in Li-ion Ba man et al
. tery
nanocomposite mAh/g after 70 [109]
cycles
Composite has
nanoporous network
Mesoporous [I-Fe O, and well-dispersed
nanoparticle/Ketjen Solvothermal + pre- g-Fe,0, particles Anode in Li-ion Bat- Umar et al
Black composite cursor thermal with asize of ca. 5 | tery [110]
(KB) nm are embedded
in the mesopores
of KB
Size decreases
Photocatalyst li
a-Fe O,/ polypyrrole . from 20 to 5 nm by otocata ys: (applied Harraz et
203 . Chemical method . . for degradation of
(Py) nanocomposite increasing Py con- al [135]

tent from 5 to 25%

methylene blue)

B o o
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Particle size/

solution

Nanostructure Fabrication Method Application Ref.
property
Porous Fe O, acts
as an internal poly-
sulfide reservoir.
Fe O./S nanocom- . A stable reversible Cathode for lithi- Xu et al
23 Wet chemistry ) i )
posite discharge capacity um-sulfur batteries [114]
of 574.3mAh/g was
obtained after 50
cycles
Manikan-
-F Low-
o-Fe,0, Nanorod & ow-temperature Ferromagnetic DSSC dan et al
NPs method
[107]
1 hibit
Core-shell y-Fe,0,@ Hydrothermal ?;Tfe: Soilxselt;lzd Gas sensor Zhang et
Sno, Y P al [108]
recovery rates
Electroactive ma-
Fe.0./C nanocompos- terial,.the specific . Sethura-
itezs fz)r Green route capacitance of 315 | Supercapacitor man et al
Fg'in 2 M KOH [109]

Fe,O,/C nanocom-

Pyrolysis

Electrode with re-
versible capacity of
920 mAh-g " at 93

Anode in Li-ion battery

Fichtner et

wastewater

it . 1[67
postie mA-g ! in the sub- al [67]
sequent 50 cycles
Enhanced lithium
storage properties, a
Fe,O, nanospheres/ . reversible capacity . . Chen et al
- h L 1
Carbon One-pot synthesis of 712 mAh g! 1 storage materia [121]
retained after 60
cycles
. High specific
F - Y
¢,0,@C microcap Hydrothermal capacity and good Anode material uan
sule . . [122]
cyclic stability
Fe,O,: 5 nm;
a-Fe,0,: 20 nm
First-discharge
Fe,O, and a-Fe O .. S Lou et al
NeI; , and a-te,u, Hydrothermal capacities: Fe,O, Anode in Li-ion battery [ 2021; cta
S = 1,380 mAhg ',
a-Fe O,
1,280 mAhg™!
Removes pollut-
Fe,O,/C nanocom- . ant Cr(VI) ions and Chen et al
H h | F
posite ydrotherma erromagnetic Rhodamine B from [24]
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5. CONCLUSIONS

Magnetic iron oxide nanomaterials (MIONs)
can potentially be used as magnetic targeted
drug delivery carriers and magnetic resonance
imaging contrast agents due to their high
saturation magnetization, low toxicity, and
biocompatibility. It has been observed that the
magnetic properties of Fe,O, nanoparticles can be
tailored by their particle sizes, size distributions,
microstructures and surface morphologies which
are possible by exploring advanced synthesis
methods. Iron oxide nanomaterials have been
reported to be prepared through coprecipitation,
hydrothermal, sol-gel, microemulsions, polyol,
electrochemical, aerogel and sonolysis methods.
But, chemical methods have been seen to produce
iron oxide nanomaterials with desired properties
and applications. During the last few years iron
oxides are very widely used as photocatalyst for
the photocatalytic degradation of organic dyes
due to their high photosensitive nature. Thus,
iron oxide nanomaterials can be utilized for the
environmental purification of polluted water.
It has also been used in nanomedicines, in MRI
and in energy harvesting devices. Iron oxide
nanomaterials prepared through modified novel
chemical methods and green synthesis routes
can be utilized on large scale in nanomedicines,
in photocatalysis, and in energy devices. The
present review summarizes that flowerlike
a-Fe,0, nanostructures with high surface area,
prepared by Cao et al are attractive adsorbent
for the removal of AsY and Cr'' from water.
The functionalized magnetic nanoparticles of
g-Fe,0,, prepared by Ali and Venkataraman, have
many applications in site-specific drug delivery,
MRI, magnetic gels, cancer treatment and other
biomedical applications. Mesoporous g-Fe,O,
nanoparticle/Ketjen Black composite, reported
by Dong et al, is used as anode material for Li-
ion batteries with improvement in electronic
conductivity and structure stability of g-Fe,O,.
Ni-Co ferrite synthesized by Brito et al is utilized
in sensor applications. Fe,O, prepared by Diniz
et al, via the combustion method, are reported
to be promising materials for application in
biomedicine. Porous Fe O, prepared by Zhao et
al, through the wet chemistry method, is used as

B o o

a cathode for lithium-sulfur batteries. However,
better synthesis routes can be tried to find out for
the synthesis of iron oxide nanomaterials with
advanced applications of it. Different preparation
methods lead to different phases and different
degrees of size control. Thus, the correlation of
the preparation process with size and magnetic
properties is still a challenge.

Despite recent progress on the synthesis and
application of iron oxide nanomaterials, there are
many gaps in the development of materials for the
use in biomedical, nanorobots and energy devices.
The application of target-oriented drug delivery and
nanorobots is still a challenge. Till now, much of
the research conducted in the area of nanorobotics
remains highly theoretical, possibly because
of the difficulties in fabricating such devices.
But, nature’s biological nanorobotic systems do
exist and provide evidence that such systems
are at least possible, so more efforts should be
employed on the application of nanorobots in the
biological context of nanomedicines. Therefore,
biological systems could be better exploited
and for that extensive research on biological
structures and application of nanotechnology with
these structures to be experimented. As limited
research has been carried out on targeted and
effective drug delivery vehicles, more and more
investigations are required including the synthesis
of new drug delivery vehicles for therapeutic,
imaging and diagnostic purposes. Also very few
reports are available for the synthesis of iron
oxide nanomaterials using green synthesis route.
Therefore, environment friendly green synthesis
methods to be more focused for the preparation of
magnetic iron oxide nanomaterials. Work on the
application of iron oxide nanomaterials in solar
energy devices, is not done effectively. So, the work
on the development of iron oxide nanomaterials
and its nanocomposites for the better use in solar
energy devices can also be extended.
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