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ABSTRACT

In this report we discussed about the properties of magnetic nanoparticles which are
important for the synthesis of nanoparticles of particular use. Various oxide-based nanoparticles
can be synthesized depending on the properties which are needed for their applications. Various
methods have been presented that offer control over the size, growth of the nanoparticles. Among
the methods reported, hydrothermal method probably offers the most promising method for control

and scalability.
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INTRODUCTION

Beginning of twentieth century uncovered
the magnetic phenomenon at atomic scale but the
discovery of magnetic material, iron oxide Fe,O,
reformed the field of magnetism.

These magnetic particles when broken
down to nanometer scale have most promising
applications because of their multiple uses. Size
controlled synthesis of these nanoparticles can
be done in several physical and chemical ways.
The nanoscale synthesis leads to their use at
the biological level of cells, proteins, genes and
viruses. The optimized size of nanoparticles, their
assortment, layering, redistribution of sizes, their

shapes and their distinctive magnetic properties
became a cause of their application in various fields.
They are used in formulations of agrochemicals,
electronics, biomedicine, computing, biosensors,
electrodes, storage media and astrionics.3

Small size of these particles allows them
to interact with biological system and this prompted
their use in biotechnology and biomedicine. Among
a variety of nanomaterials, magnetic nanomaterials
play an immense role in areas such as contrast
agents for MR, biosensors, drug delivery, repairing
of cells and tissues, magnetic separation and
hyperthermia.

These magnetic nanoparticles have many
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biomedical applications and this has attracted much
of our interest towards their synthesis, structure-
property relationship and characterization strategies.
Diverse uses of nanostructured magnetic particles
have led to many attempt to prepare nanoparticles
in optimized shapes and sizes. The core issue
of magnetic nanoparticles is understanding their
magnetic properties.

Temperature, applied magnetic field, and
pressure are the factors governing the magnetic
properties of the materials. Variation of the above
parameters results in various magnetic forms.
These particles can take up two shapes crystalline
or amorphous, depending on the procedure of their
formation. Monodisperse nanoparticles for uses
in nanotechnology have been synthesized to a
substantial extent. It is the method of synthesis which
determines the presence of structural defects as well
as the impurities in a particle. Number ofimpurities
present in a particle and distribution of these defects
inside the structure helps in discovering its magnetic
properties. Definite size, structure andlarge ratio of
surface/volume of the magnetic nanocrystals are
responsible for considerably different and interesting
properties than their corresponding bulk materials.
Magnetization in these particles is decided by
relative orientations of the magnetic moments
resulting from the unpaired valence electrons of the
atoms. Electronic spin around the axis of atom and
its motion around the orbit of electron is responsible
for the magnetism. Common metals having a non-
zero magnetic moment are Iron, Nickel, Manganese
and Cobalt. Electric spin is responsible for net
magnetic moment of these metals.*

The focus of the review is to shed some light
on the exponential growth in this field and its outlook.
Crystal structure, magnetic properties and designing
of Oxide-based magnetic nanoparticles will be major
concern. We will be exploring the parameters like
size, shape, coating and crystalline structurewhich
affect the properties of the magnetic nanoparticles.
Simple oxides such as iron oxide, nickel oxide or
complex oxides like cobalt ferrite, ferrihydrite, etc.
will be dealt with. We will be comparing magnetic
anisotropy, responsible for the magnetic behavior
and particle size of these nanoparticles determined
from XRD, TEM etc.
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Magnetic nanoparticles

Magnetic nanoparticles are a class
of engineered particulate materials having
dimensions between 1 and 100 nanometers.
These magnetoparticles show a response to an
external applied magnetic field which causes the
movement of magnetic nanoparticles to the desired
location and induces heating because of the induced
magnetization. Magnetic nanoparticles show
superparamagnetism, do not remain magnetized
after removal of magnetic field, offer advantage of
reduced particles aggregation. At small sizes these
particles become a single magnetic domain having
a net magnetic moment. In the absence of external
magnetic fieldat higher temperatures there is loss
of net magnetization.

Three broad groups of magnetic
nanoparticles are:

1. Oxide-based magnetic nanoparticles
2. Metallic nanoparticles
3. Metallic nanoparticles with shell

Oxide-based magnetic nanoparticles
commonly consists of two components, a magnetic
material, often iron, cobalt, nickel and a chemical
functionality say oxygen.

Metallic nanoparticles are purely made
of reactive metals which gets easily oxidized and
ignites when comes in exposure of air.

In metallic nanoparticles with shell,
surface is coated with inert layer of precious metal,
surfactants, and polymers or is gently oxidized.

Properties of Oxide-Based Magnetic Nanoparticles

Magnetic nanoparticles have several
different properties from those of a bulk specimen.
The Curie temperature or Neel temperature and the
coercivity field are some of the magnetic properties
found to be different from the bulk material.

Small regions in bulk ferromagnetic
materials are called magnetic domains. The balance
of the energy terms like magnetostatic energy,
exchange energy and magnetocrystalline anisotropy
leads to the formation of magnetic domains.>¢ The
magnetocrystalline anisotropyposition magnetic
moment in particular direction and the exchange
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energyposition all magnetic moments in same
direction. Magnetization is eliminated by the
magnetostatic energy. These domains have different
direction of magnetizations. And addition of these
domains resulted into net magnetization. Below a
critical size limit ferromagnetic materials acts as
single domainparticles.”®

At specific higher temperature called
blocking temperature (TB) these magnetic
nanoparticles behave as superparamagnetic having
magnetic momentfluctuating around the easy axes
of magnetization. As a consequence, each magnetic
nanoparticle possesses a large magnetic moment
with changing orientation. As the temperature
is lowered below blocking temperature, there is
lowering of thermal agitation and magnetic moment
freeze in random directions.

These nanoparticles have large fractions
of atoms at their surface and due to this surface to
bulk ratio of atoms is large resulting in significant
magnetization.® Because of surface effects,
nanoparticles and their oxides show ferromagnetism.
Presence of magnetically dead surface layer
decreases the magnetization of some oxide
nanoparticles.

Synthesis Methods

Due to new physical and chemical
properties of these materials at nanoscale their
synthesis has received great interest in recent years.
Distinct chemical methods can be applied for the
synthesis of magnetic nanoparticles depending upon
theirshape, size, structure, defects, surface structure
and magnetic properties.

Some methods presented here include

. Classical synthesis by Coprecipitation
) Synthesis by Hydrothermal Method

. Polyol Method

. Electrochemical Method

. Flow Injection technique

Synthesis by Coprecipitation

Coprecipitation can efficientlysynthesize
magnetic nanoparticles with specific physical
properties. It involves mixing of the metal ions with
different oxidation states in particular molar ratio at
specific temperature. The reaction can be controlled
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by pH changes. Coprecipitation is commonly used
forprecipitating Fe,O, nanoparticles.'*"

Ferric oxide can be formed by the reaction:

Fe?* + 2Fe** + 80H- = Fe304 + 4H,0

Fe,O, precipitates completely between pH
8.21t0 13.9.

Synthesis by Hydrothermal Method

Due to its simple, economical and efficient
mechanism, hydrothermal method has attracted the
scientific community for production at large scale.

This method uses high temperature and
pressure. The reactions are carried out in closed
containers kept above the boiling point of aqueous/
polar medium'2. Shape and size of the particles can
be controlled by ratio of reactants, rate of nucleation,
crystal growth and concentrations. A general outline
of the hydrothermal method can be given as follows:

Preparation of aqueous
solution of reactants

Putting the solutions in
hydrothermal reactor and
setting reaction conditions

Processing of the required
nanomaterial i.e. washing,
drying of the solvent,etc.

XRD and FTIR Spectroscopy can be used
for continuous measurement of composition and
other properties during the process.

Polyol Method

One of the most suitable methods for the
uniform nanoparticlessynthesis with well-defined
shapes and sizes is polyol method. Ethylene glycol,
diethylene glycol are most commonly usedpolyols. '3
High boiling points, high dielectric constants good
solvents to dissolve inorganic compounds are some
of the interesting properties of these nanoparticles.
In this method, a precursor is suspended in liquid
polyol and heated to its boiling point. This results in
stabilization of the metal precursor in the diol and its
reduction to form metal particles Figure 1.
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<:I Precursors

Diethylene glycol
(DEG)
180 - 240°C

|:> Nanoparticles

Fig. 1. Synthesis of nanoparticles by polyol method™

Electrochemical Method

The synthesis of magnetic nanoparticles
by the passage of current through a cathode and
an anode placed in an electrolytic solution is called
electrochemical method of synthesis. In this method
cathode is reduced to metal and anode is oxidized
to metal ion, resulting in nanoparticle formation at
electrodes-electrolyte interface.

The reaction is regulated by the cell potential
as the process is dependent on both the reduction
and oxidation reactions. Surfactants are used to avoid
segregation. Characterization can be done by XRD,
TEM and Infrared Spectroscopy Figrue 2.

Synthesis Techniques

= Polyol Method
m Electrochemical Method

Coprecipitation Method

m Hydrothermal Method

W Flow Injection Technique

Fig. 2. Comparative presentation of the synthesis
of magnetic nanoparticles by different route™

Flow Injection Technique

The adapted form of coprecipitation
technique having an advantage of reproducibility and
high mixing homogeneity is flow injection technique.
It can be employed for magnetic nanoparticles of
very small sizes say 2-8nm. Small nanoparticles
can be obtained by using emulsion matrices through
zone confinement.'”8

Growth and Size Control

Size of a particle and its Growth can be
controlled by various physiochemical methods.
Some of them being the following:

. Charging of the nanopatrticles.
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. Coating of nanoparticles surface with suitable
species.
. Zone segregation of nanoparticles.

Every synthesis process has unique
properties and disadvantages.'® Thenet charge
present on these particles and electric double
layer surrounding them leads to their stability. In
polar solvents, these particles can adsorb the ionic
speciesleading to electrostatic forces. Due to the
electrostatic forces, particles havingsimilar charges
repel each other. Stable scattering occur when
repulsive forces overcome attractive forces.202!

Suitable capping agents can stabilize these
particles. The abnormal growth of particles can be
stabilized by their division into different zones or
by segregation. Scattering of particles in a solid
matrix can help in stabilization of the particles. In
various applications like catalysis and optical these
strategies have been used extensively.?223.24

Characterization Techniques

In the field of nanoscience, for scientific
understanding of engineered nanomaterials
their characterization is carried out. Requisite
characterization of magnetic nanoparticles is done
in order to know the important physical and magnetic
properties of the nanoparticles for understanding
their performance.?

Characterization of size of nanopatrticles is
done by following techniques:

. Transmission electron microscopy [TEM]
. X-ray diffraction [XRD]

. Dynamic light scattering [DLS]

. Fourier Transform Infrared Spectroscopy
. X-Ray Photoelectron Spectroscopy

. Selected Area Electron Diffraction [SAED]
. Scanning Electron Microscopy [SEM]

Standard measurement techniques used
with magnetometers or quantum interface devices
provides better measurements. Among the various
techniques, DLS tells about how a particle diffuses
within a fluid and the diffusion coefficient is the same
as that of particle being measured. FT-IR and Raman
spectroscopies helps in vibrational characterization
of nanoparticles.?
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Iron-Oxide Nanoparticles

Magnetite(Fe,O,), maghemite (a-Fe,O,) and
hematite (a-Fe,O,) are the common forms of oxide
found in nature whose properties have many uses
including magnetic inks, magnetic recording media,
ferrofluids, and therapeutic agents for cancer treatment.
Appropriate engineering of these nanoparticles
with various organic and inorganic species produce
multifunctional nanoparticles that perform several
functions together?. These transition metal oxides
are found in nature as aggregates, nanocoating on
soil grains and nanoparticles of minerals.®

One of the oldest known forms of the iron
oxides is hematite and is extensively found in soils
and rocks. Hematite is formed from other iron oxides
as it is stable at very high temperature. Magnetite
havestrongest magnetism among all transition metal
oxide. Maghemite is metastable and forms solid
solutions with magnetite.?®

The crystal of oxideshave iron cations lying in
octahedral or tetrahedral interstitial sites and oxygen
anions in close-packed planes. In hematite, Fe(III)
ions occupy octahedral sites in hcp arrangements
of oxygen ions. Magnetite and maghemite, have ccp
arrangement of oxygen anions. Inmagnetite Fe(III)
ionsoccupy both octahedral and tetrahedral sites, and
Fe(II) ions lie in octahedral sites making it an inverse
spinel structure.

Magnetic behavior of Iron Oxides

Since we can see that iron has four
unpaired electrons in its 3d orbitals, it is resulting
in its strong magnetic moment. We can say that
different magnetic states can arise if an attempt
is made to make crystal from iron atoms. In the
paramagnetic state, the crystal has a zero net
magnetic moment due to random alignmentof
the individual atomic magnetic moments. If it
is compared with ferromagnetic crystal, even
withoutexternal magnetic field individual magnetic
moments are evenly positioned.

While in a ferrimagnetic crystal atoms with
different strengthsare aligned in anti-parallel manner
leading to a net magnetic moment. The crystal
will be called anti-ferromagnetic if the anti-parallel
magnetic moments are of same strength, and these
substances do not have any net magnetic moment.*

Nanoparticles of about 25nm shows
superparamagnetic behavior at room temperature.
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Magnetic particles which areless than5nm are
superparamagnetic at room temperature, but
their methods of synthesis govern their magnetic
behavior strongly. For example: Ferromagnetic
Maghemite becomes unstable at high temperature,
and loses itsmagnetic susceptibility with time. Curie
temperature of maghemite lies between 800-950K.
Particles of maghemite are less than 10nm in size
and are superparamagnetic at room temperature.®'
The size dependance and surface treatment leads
to the nanostructuring of magnetic materials which
can tune their magnetic properties.®

Crystal Structure of Iron Oxides

13 compounds among the 16 different
forms of oxides contain iron in oxidation state +3,
while the remaining three compounds, namely, FeO,
Fe(OH),, and Fe,O,, contain iron in +2 oxidation
state. Crystalline structure is possessed by all
oxides, hydroxides, and oxyhydroxides of iron. The

iron oxide structures are described below:
Magnetite (Fe,0,)

Magnetite occurs naturally as magnetic ore,
known as loadstone. It is an inverse spinel having
Fe ions in both +2 and +3 oxidation states making it
different from other iron oxides. Magnetite possesses
face-centered cubic structure. 30 oxygen ions are
arranged in cubic-close packed arrangement in it.
There are eight crystal designs present per unit
cell.33lts chemical formula can be described as
A[AB]O, 3%

Substitution of Fe2+ions by other metal ions
produces spinelsMnFe,O,, NiFe,O,, CoFe,O,, etc.

Maghemite (a-Fe,O,)

Nanoparticles of Maghemite are majorly
relevant in nanomedicine because of their excellent
magnetic properties. Biocompatibility can be incorporated
and low harmfulness can be produced within them.
Maghemite is formed by weathering of magnetite. This
iron oxide can be described both as a cubic system with
disarranged iron vacancy or as tetragonal system. All
the iron atoms are in oxidation state (+3). The charge
neutrality of the unit cell is maintained by the vacancies
of cations. The lattice parameter, a=0.834nm is present
in cubic form of maghemite.

In nutshell, maghemite consists of cationic
vacancies, which may be ordered or disordered.%¢
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Hematite (a-Fe,0,)

Hematite has splendid implementations in
the sphere of splitting of water, storage of magnetic
substances,treatment of environment due to its
resistance to corrosion, low expense for processing
and non-toxicity.*” It also serves as a precursor for
synthesis ofmagnetite.

Hematite has hexagonal lattice with unit
cells having lattice parameters a=0.5034nm. In a
unit cell the number of crystals are six. Hematite
possesses structure similar to a-Al,O,(Corundum).
The anions are distinguished by systematic
consecutive changes in the two layers. Two-third of
the octahedral sites are occupied by cations.

Ferrihydrite

Ferrihydrite (Fh) is a substantial ferri-
oxyhydroxides mineral present in the earth’s crust.
Ferrihydrite also occur in ferritin protein in living beings
and its function to store excess iron. Ferrihydrite
is a deficiently crystalline iron oxyhydroxides. Its
composition is estimated as 5Fe,0,.9H,0.%

Cobalt Ferrite Nanoparticles

Cobalt ferrites are included in the category
of‘hard ferrites” and possess ample number of
applications.These can be used in the field of
medicines, permanent magnetsand microwave
devices.®*® They have similar crystallization pattern
to an inverse spinel like magnetite. Thecobalt ions
have been replaced by divalentions in it. The lattice
parameter of the unit cell is not altered.

Nickel Oxide Nanoparticles

Nickel oxide (NiO) is a major transition
metal oxide. Its magnetic properties have attracted
various researchers.**4" Rhombohedral structure
is possessed by bulk crystals of NiO. It showcases
antiferromagnetic behavior below 523 K (TN). On
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the other hand, it has a cubic structure and shows
paramagnetic behavior above that temperature.

Over the last few years, nanoparticular
nickel oxide has attracted the interest of many
researchers due to its magnificent electrochemical
properties. Several attempts have been made to
synthesize nanosized NiO in controlled sizes and
shapes owing to its applications.

Most of the study reports of nanoparticulated
NiO have reported the use of the sol-gel method or
the co-precipitation method. It is not easy to have
uniformity and monodispersity in such methods. One
of the important route for synthesis of nanoparticles
is the microemulsion method.*> Homogeneous and
mono-disperse nanoparticles are provided by this
route.lt is possible to manage the size as well as the
morphology of the nanoparticles. Characterization of
the NiO nanoparticles is performed by XRD method,
TEM, electron diffraction, dynamic light scattering
studies, X-Ray photoelectron spectroscopy, FTIR
spectroscopy and electrochemical studies.*

Synthesis

Preparation of nickel oxide can be performed
in two steps using a reverse micellerpathway utilizing
cationic surfactant. First step involved the formation
of nickel oxalate dehydrate in form of nanoparticles
fromemulsions. These nickel oxalate nanoparticles
were then subjected to thermal decomposition to
yield nanoparticles of nickel oxide.

Characterization

The powder X-ray pattern was found to
have a=4.1743 Angstrom. The grain size that was
inferred from X-ray was found to be 30nm.

Abroad absorption maximum lying between
400-415 cm™ in FTIR suggests nanocrystalline NiO
Figure 3(a),(b).
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It can be concluded that almost spherical
nanoparticles of nickel oxide which were found to
crystallize in the cubic structure were manufactured
using the reverse micellar route.***® The methodology
led to the formation of nearly consistent nanoparticles
with a tapered size distribution.

Manganese Oxide Nanoparticles

Manganese oxide nanoparticles are
important precursorsfor a number of things. They
have many applications in the field of catalysis,
electrodes, sensors, molecular adsorption and high
density magnetic storage media. An important oxide
of manganese is hausmannite (Mn,0O,). It has been
widely used for reduction of nitrobenzene, oxidation
of methane.*¢ Contrasting agents of Mn-oxide based
nanoparticles produces high quality MRI due to its
bright images and biocompatibility.*”

When particle size become comparable to
the length of the magnetic interaction its magnetic
properties change. This means that the bulk form
can have different properties that the nanopatrticles.
Bulk Mn O, undergoes the ferrimagnetic transition
at a curie temperature of TC=42K.4®

MnO and Mn,O, nanoparticles were
synthesized using various methods.* The non-
aqueous synthesis of nanoparticles with varying
temperature ramp and aging time provide better
control over size and shape of particles*®, their
crystallinity and surface properties.

Characterization of manganese oxide

The crystallinityof the manganese oxide
synthesized by non-aqueous synthesis was
investigated by the technique of X-ray Diffraction.

The magnetic properties of MnO and
Mn_O, nanopowders can be done with the help of
temperature dependent EPR study, HRTEM studies.
Thus, it can be concluded that the synthesis of
nanoparticles of manganese oxide through different
routes and precursors yielded a different phase
composition of the oxides being synthesized which
can be characterized by various techniques. The
nanoparticles which were obtained by this method
of synthesis were found to be singular crystalline.

Cobalt Oxide Nanoparticles
Cobalt oxides are very crucial practical

materials which have electrochemical, magnetic
and catalytic applications. They are used as
supercapacitors, as temperature and gas sensors, in
enamels, grinding wheels, solar energy absorbers, in
dihydrogen gas synthesis,catalysis for decomposition
of NO, oxidation of trace ethylene, etc. Innumerable
procedures have been devised to synthesize CoO
nanostructures.5® Cobalt oxide is very tedious to be
obtained in a single phase in pure form. Co,O, could
turn out to be a nice example of pseudocapacitors.®!
Co,0, based pseudocapacitor devices are used
as substitute storage devices, pulsed power
applications, memory backup, equipments of military,
flexible biomedical devices.5?

Spinel Co,0, is environment friendly.** The
efficiency to transport electrons and ions in Co,O,
based pseudocapacitors depended on properties
such as surface area, morphology etc.5*

Synthesis

Solvothermal strategy was used to form
stable Co,0, nanocrystals. The method involved
quickest formation method of Co,O,. Two syntheses
were carried out. First involving use of Cobalt acetate
in ethanol and aqueous sodium hydroxide and
reaction time was kept 20 hours. While the other
synthesis also involved the same precursors but the
reaction time was increased to 36 hours.

Characterization

UV-Visible spectrophotometry can be used
to procure the optical properties of Co,O,. Cyclic
Voltametry (CV) will be helpful in evaluating the
performance, which is electrochemical in nature, of
the synthesized materials.5®

CONCLUSION

The main idea behind the review was
to showcase a few characteristics of magnetic
nanoparticles which are oxide-based. These
nanoparticles were found important from the basic
scientific point of view. Their comprehension is found
crucial in order to successfully implement magnetic
nanoparticles in biomedical applications such as
MRI and magnetic hyperthermia.

In this report we discussed about the
properties of magnetic nanoparticles which are
important for the synthesizing nanoparticles of
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particular use. Various oxide-based nanoparticles can
be synthesized depending on the properties which
are needed for their applications. Varioustechniques
can be used to manage the size and growth of
the nanoparticles. Among the methods reported,
hydrothermal method offers the most promising
method for the same.

Different characterization techniques have
been listed up which provides substantial knowledge
of the crystal structure, shape, size and crystallinity
of the magnetic nanoparticles.

It was found that properties of magnetic
nanoparticles are considerably different from the
bulk materials. Several nanoparticles including

iron oxide, manganese oxide, nickel oxide and
cobalt oxide nanoparticles have been discussed
including their magnetic behavior, most successful
method of synthesis, their common characterization
techniques and some of their most important
applications in biotechnology, electronics, catalysis
and storage media.
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