Nanomagnetism 135

6

Synthesis and application of magnetic
nanoparticles

Kishwar Khanl, Sarish Rehmanz, Hafeez Ur Rahman3, Qasim Khan*

'Research School of Engineering, Australian National University (ANU), Canberra, Australia
*College of Engineering, Peking University (PKU), Beijing, China

%USE School of Engineering, 3" Floor, Malikabad complex, Main Murree road, Rawalpindi, Pakistan
4Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Italy

Outline:

INEFOTUCTION. ..ottt st sttt et s b et et e bt sh bt et e shbe e eane e e sbbesaneeesbaesaneens 136
SYNMENESIS. ..ttt sttt ettt s b et sttt b sttt e h et b ee et shbesaae e e eh e e sh bt e e enee ea bt e e nee eare s 137
Synthesis of MagNEetic NANOSTIUCTUIES .......co.eiriiiriiiiieie ettt sttt 137
ChemiCal SYNTNESIS «...eiiieiiee ettt sttt e e s sttt b st bbb e st e b e sabeeenneesabe s 137
Thermal DECOMPOSITION ..c.ciuiirieiirit ittt sttt s et ettt bt e et e e b eesabeeesseesabeeesseesanbeenaneeses 138
Hydrothermal SYNTRESIS .....c.coveuiieiie sttt st st st st e sn e st e snee et 139
MiCrowave assisted SYNTNESIS .......c.evviiriieiee ittt sttt s s st be s b st e e e 142
Template assisted fabriCAtION .......ceeeireerire et ettt b et st bbb b e e e 143
Assembly of MagNetiC NANOSTIUCIUIES .......oc.viueeiiiriieeie ettt st sttt se ettt eabe et saees 146
Guided and template-assisted asSEMDBIY .......cceciriiiii et e 147

Application of magnetic nanoparticles
Recent Advances in the biomedical applications of magnetic nano structures
Targeted drug delivery .......cccoevenivciciecieeieeeeene,

Nano magnetism in therapeutic hyperthermia
Magnetic nano particles for Energy storage appliCations ..........ccoceeveeeeeerierinesenice s
(00T ol [V 1Y o] o FOU OO PRSPPI
REFEIENCES. ...ttt ettt ettt ettt e et e e s tae et eestaeeesbeaaaeessbeeaaaessbeeaseeessbeannneessaeannreeas



Nanomagnetism 136

Introduction

Nanoparticles are key focus of research for a wide outspread novel applications, not only because of
their fabulous properties, but also due to nano size compared with their bulk counterparts.
Nanoparticles are intermediate between atomic and bulk level. At nano level, the properties greatly
changed, as the size of the particles changed owing to their large surface to volume ratio. Owing to
their wide spread applications, a lot of research has been carried out for the synthesis of 1-dimensional
(1D) nano structured (nanotubes [1-4], nanorods [5-7], nanobelts [8-10], nanorings [11-14], nanohelics
[15, 16], nanowires [17, 18], nanofibres [18-20], nano sphere [21-24] nano flowers [24-27] and nano
sheets [28, 29] like structures.

Among nano materials magnetic nanoparticles are of keen interest to researchers owing to their praise
worthy magnetic properties. Magnetic nano particles have a wide range of applications, including
magnetic fluids recording [30], catalysis [31], biotechnology/biomedicine [32], material sciences, photo
catalysis[33], electrochemical and bioeletrochemical sensing [34], microwave absorption [35], magnetic
resonance imaging [MRI] [36], medical diagnosis, data storage [37], environmental remediation [38]
and, as an electrode, for supercapictors and lithium ion batteries (LIB) [39-41]. While talking of, various
magnetic nano particles, magnetite (Fes0,) has been used for a several wide number of applications
due to its superparamagnetic properties but one property of being sensitive to oxidation and
agglomeration, has lemmatized its use. The solution to this problem is, to protect the magnetic nano
particles by various types of coatings. These shells not only protect the magnetic nano particles, but,
also provide a new platform for further functionalization that enhances the properties of the magnetic
nano particles. Nowadays, a lot of novel binary and ternary magnetic nano composites have been
synthesized with various core shell structure including grapheme [42], carbon nanotube [43, 44],
conducting polymer [45], metal oxide and other inorganic materials as coating on magnetic
nanoparticles [46]. Bing et al and co-workers have synthesized Fe;0,4/Polyaniline hybrid microspheres
for microwave absorption [35]. They used Fe;0,4 as core material to elevate the microwave absorption
properties of Polyaniline for low cost and superior electromagnetic wave absorption properties [47].
Hazhir et al and co-worker, reported the synthesis of Fe;0,/r-GO (reduced graphene oxide)
nanocomposite for electrochemical sensing. The composite possesses both the electrical conductive
and superparamagnetic properties due to excellent electronic, mechanical and thermal properties of
graphene and superior magnetic properties of Fe;0,4[34]. Haijuan et al and co-worker, reported the
synthesis of hollow Fe3;0,/Si0O,@PEG-PLA ternary nanocomposite for targeted drug delivery. This
nanocomposite have shown promising therapeutic application for its magnetic hollow silica
microspheres and biodegradable nature of the polymer [48]. Peichang et al and co-worker have
synthesized Fe;0,@TiO, core/shell nanoparticles which were supported by reduced graphene oxide
sheets for excellent photocatalytic properties.

Owing to its unique and creative applications in every field of life, researcher are highly focused to
develop a number of synthetic way to synthesize magnetic nanoparticles of different sizes, morphology
and compositions, but the successful application of magnetic nanoparticles in the above listed
application is highly dependent on the stability of the particles under a band of different conditions.
The significance of size for controlling the various properties is obvious, because in most of the cases,
the properties of the magnetic nano particles are dependent on their dimension, and morphology.
Therefore, the synthesis of magnetic nano particles with their controlled size and exposed facets is of
core importance. In most of applications, the particles with 5-15 nm sizes have unexpected excellent
results, but the size requirement totally depends upon the material and applications in which they are
supposed to be used. But as discussed above that the main problem associated with magnetic particles
is their agglomeration which they tend to reduce the energy associated with the high surface area to
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volume ratio of the nanosized particles. In addition, the magnetic nano particles are highly chemically
active. Thereforeit is of utmost important to protect these magnetic nano particles against oxidation,
which may involve functionalization and coating with certain protective layer to form core shell
structure which completely modifies the magnetic nano particles. Although modification is useful,
because it provides unique properties to the core magnetic nano particle, so it can be used ina number
of applications but it lead to the reduction of magnetic properties. Single crystalline magnetic nano
particles have been synthesized but recently the challenge is to control their size, morphology and
surface area in a precise manner to make them useful for many applications. Nowadays narrow size
distribution is first priority for certain application like nano crystal based optical devices semiconductor
and magnetic resonance imaging [16-20].

It has been elaborated above that the successful applications of magnetic nanoparticlesin various field
depends on particle size, surface area and morphology besides to their intrinsic magnetic moment and
magneto crystalline anisotropy characteristics. A precise control of these various factors (size, shape,
composition, and structure) can control the magnetic characteristics of the material.

Thus, this chapter describes the precise control of nanoscale magnetism, the synthesis methods of well
dispersed and isolated magnetic nanoparticles with defined magneto crystalline properties. This
chapter gives a concise overview of the research progress achieved in the synthesis of magnetic nano
particles during the last couple of years, as well as, throws light on a few applications of magnetic
nanoparticles in numerous sectors.

Synthesis
Synthesis of magnetic nanostructures

Various approaches such as wet chemical [49-51], template-directed [52, 53], microemlusion [54-56],
thermal decomposition [56, 57], solvo-thermal method [58, 59], solid state [60, 61], deposition method
[62], spray pyrolysis [63, 64], self-assembly [65, 66], physical and lithographic [67, 68] techniques have
been extensively used for the synthesis of a wide variety of magnetic nanostructures including iron
oxide, metal, metal alloys and core—shell and composites structures. However a comprehensive review
of various synthetic techniques is beyond the scope of this chapter, so here we will give a short
description of only those methods that offer excellent size and shape control.

Chemical synthesis

Several chemical methods that are being used for the synthesis of magnetic nanostructures comprise
of co-precipitation, thermal decomposition, microemlusion and hydrothermal methods. Thermal
decomposition and hydrothermal approaches provide better results (both in terms of size and
morphology) in comparison with other synthetic routes [61, 69]. Chemical syhthesis involved the
precipitation of nano particles from the solution. To achieve the monodisperse particles, the
precipitation should comply with the LaMer and Dinegar model of homogeneous precipitation.
According to this model, during precipitation from the solution at certain stage of super saturation,
there occur a burst of nucleation that gradually grows in size by diffusion of solutes from the solution
towards the nuclei until the monodisperse final size particle are obtained. The mechanism LaMer and
Dinegar model is shown in Scheme 1.
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Model of LaMer and Dinegar (1950)
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LaMer and Dinegar model of homogeneous precipitation
Some of the chemical methods are discussed below.
Thermal Decomposition

This method of synthesis involves the chemical decomposition of the substance at elevated
temperature. During this method the breaking of the chemical bond takes place. This method of
synthesis for magnetic nanostructures mostly use organometallic compounds such as acetylacetonates
in organic solvents (benzyl ether, Ethylenediamine and carbonyls) with surfactants such as oleic acid,
oleylamine, polyvinyl pyrrolidone (PVP), cetyltrimethyl ammonium bromide (CTAB) and
hexadecylamine.

In this method the composition of various precursors that are involved in the reaction determine the
final size and morphology of the magnetic nanostructures. Peng et al and co-workers used the thermal
decomposition approach for controlled synthesis (in term of size and shape) of magnetic oxide [70].
Using this methods nanocrystals with very narrow-sized distribution (4—45 nm) could be synthesized
along with the excellent control of morphology (spherical particles, cubes).

FIGURE 6.1
Maghemite nanoparticles prepared by thermal decomposition of Iron precursors: (a) FeCup3 (b) Fe(CO)s Reprint
from Ref [71]



Nanomagnetism 139

When thermal decomposition method is used, iron oxide nano particles with excellent control of size,
morphology and good crystallinity have been resultantly fabricated by Alivisatos and co-workers [71].
The preparation of magnetic nanoparticles for applications in biomedicine have fabricated maghemite
nanocrystals with size of 3-9 nm by thermal decomposition of FeCup3 (Cup: N-
nitrosophenylhydroxylamine) at 250°C-300 C as shown in Fig 6.1. Recently, Sun and Zeng et al [72] have
demonstrated the fabrication of monodisperse magnetite nanoparticles with size ranges of 2-20nm by
decomposition of iron (l11) acetyl acetone at 260°Cin the presence of benzyl ether, oleic acid and oleyl
amine. In a more recent study, Nogues and co-workers have synthesized highly mono disperse cubic
and spherical maghemite (Fe,0s) nanocrystals by using thermal decomposition method [73] as shown
in Fig 6.2.The ratio of precursors and the thermal decomposition time can be used to achieve size and
morphology controlled nanocrystals.

10 nm

FIGURE 6.2
High resolution TEM images showing the mono disperse (a) nanosphere and (b) nanocubes achieved by thermal
decomposition method. Re printed from ref [73]

It has been observed from Nogues and co-workers research that short decomposition duration (2-4 hr)
resulted in spherical whereas longer duration (10-12hr) resulted in cubic morphology. The technique of
thermal decomposition was not only used for synthesis of metal oxide magnetic nanocrystals but metal
magnetic nanoparticles of 3d transition metals (Co, Ni, Fe) were also synthesized through introducing a
reducing agent into a hot solution of metal precursor and surfactant [74]. With the precise control of
temperature and the ratio of metal precursor to surfactant the magnetic nano particles with control
size and shape have been synthesized.

Hydrothermal Synthesis

Another important chemical synthesis technique that involves the use of liquid—solid—solution (LSS)
reaction and gives excellent control over the size and shape of the magnetic nano particles is the
hydrothermal synthesis. This method involves the synthesis of magnetic nano particles from high
boiling point aqueous solution at high vapor pressure. It is a unique approach for the fabrication of
metal, metal oxide [75, 76], rare earth transition metal magnetic nanocrystals [77], semi-conducting
[78], dielectric, rare-earth fluorescent and polymeric [79]. This synthetic technique involved the
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fabrication of magnetic metallic nanocrystals at different reactions conditions. The reaction strategy is
based upon the phase separation which occurs at the interface of solid—liquid—solution phases present
in the reaction. For example the fabrication of monodisperse (6, 10 and 12 nm) Fe;0,4 and MFe,0,
nanocrystals have been demonstrated by Sun et al and coworker [80].

Wuwei and co-worker have synthesized oblique and truncated nano cubes of a-Fe,0; by one step facile
hydrothermal method. This group studied the effect of volume ratio of oleylamine and acetylacetone
for the fabrication of a-Fe,0; with two different morphologies as shown in Fig 6.3. The synthesize
magnetic nano particles were used for photocatalytic degradation of organic dye and it was observed
that truncated nano cubes possess much higher photocatalytic degradation activity as compared to
oblique nano cubes [81].
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FIGURE 6.3

(a) TEM image of oblique nanocubes, (b) HRTEM image, FFT pattern and geometrical model of oblique nanocubes,
(c) TEM image of truncated nanocubes, and (d) HRTEM image, FFT pattern and geometrical model of truncated
nanocubes Reprinted from Ref [81]

The mechanism of formation of the a-Fe,0; nanoparticles with oblique and truncated morphology is
given below scheme 2. It was observed that the main cause of formation of two different morphologies
is the presence of oleic acid. The presence of oleic acid led to the formation of oblique nano cubes
whereas, truncated nano cubes are formed in the absence of oleic acid.
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SCHEME 2
Mechanism of formation of oblique and truncated nano cubes. Reprinted from Ref [81]

Zeng et al and co-worker, have synthesized novel Fe;s04 nanoprism by a hydrothermal process using
oleylamine (OAm) both as surfactant and reducing agent. The synthesized Fe;0,exposed two kinds of
crystal planes (111) and (220) as shown in Fig 6.4. [82].

e TR

FIGURE 6.4
TEM images of Fe30,4 nanoprisms (a) lying flat and (b) self- assembled on the substrates (c, d) HRTEM images of
Fe304 nanoprisms with a spacing of 0.301 nm Reprinted from Ref [82]

They experimentally proved the crystal plane dependent electrochemical activities of nanoprism as
clear from Fig 6.5 (b). Oleylamine was found to plays key role in the formation of different planes Fe;0,
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nanoprism because the amine group of oleylamine absorb at certain planes and slows their growth
while allowing the growth of other planes which leads to different morphology.
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FIGURE 6.5

(a) Schematic illustration of Fe30, nanoprisms redox reaction. (b) Cyclic voltammograms of electrodes made of (A)
Fe304 nanoprism with OAm (B) Fe;04 nanoprisms without OAm in 1 M Na,SO; Reprinted from Ref [82]

Microwave assisted synthesis

Microwave assisted method is a chemical method that use microwave radiation for heating materials
containing electrical charges for instance polar molecule in the solvent or charge ion in the solid. As
compared to the other heating methods microwave assisted solution fabrication methods have got
more focus of research because of rapid processing, high reaction rate , reduce reaction time and high
yield of product. Wang reported the synthesis of cubical spinal M"Fe,0, (M = Co, Mn, Ni) high
crystalline structure in a short time of just 10 min by exposure the precursors to microwave radiation
[83] shown in Fig 6.6. They have also used the microwave radiations for the synthesis of magnetite
(Fes0,4) and hematite (a-Fe,03).They have used FeCls, polyethylene glycol and N,H,4.H,0 as precursors
and found that the amount of N,H,4.H,0 has a key role in controlling the final phase of Fe;0,[84].
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FIGURE 6.6
(a) TEM image of the MnFe,0,4 and (b) the histogram showing particle size. Reprinted from Ref [84]
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Presently, Swaminathan et al and co-worker have reported the facile synthesis of NdFeb nanoparticles
using microwave radiations. Metal nitrate precursor were mixed with the glycine and then exposed to
microwave radiation that led to the formation of Nd-Fe-B oxide which was further reduced by heating
from 400 to 800 C in the presence of CaH .The reduction started at 400°C, and at different
temperatures different oxidation products can be identified. At 800 'C, the desired Nd, Fe;4B phase
along with alpha Fe and bi-product CaO phases are formed [85] Fig 6.7 represent the different phases
present in the XRD peak at different temperature..

Following reactions give the reduction of Nd Fe B oxide at 800 "C

800 °C
7NdFeO; + 8Fe;0, + 29FeO + NdBO3; +B,05; + 88CaH——»3Nd,Fe14B + Nd2Fel7 + Fe + 88Ca0 +
176H,
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FIGURE 6.7
Rietveld refinement of Nd—Fe—B alloy synthesized by microwave reaction followed by reductionin the presence of
CaH [85]

Template assisted fabrication

Another fabrication method used for the synthesis of magnetic nanoparticles, is the template-assisted
fabrication [86]. The active template-based synthesis involves the growth of the nuclei at the holes and
defects of the template. Subsequently the growth of the nuclei at the pre-formed template yields the
desired morphology of the nanostructures. So through proper selection of base template, the size and
shape of the magnetic nano particles can be controlled.



Nanomagnetism 144

This technique has two important advantages over the chemical routes:

(i) Template use in the fabrication process determines the final size and morphology of the
nanostructures.

(ii) Complex nanostructures such as nanobarcodes (segmented nanorods) nanoprism, nanocubes
hexagons and octahedrons magnetic nano particles can be fabricated in an easy manner, with
full control on size and morphology.

However, this method has also some drawback. It is a multi-step process that first of all required the
fabrication base templates and then the subsequent deposition of magnetic material within the
template. In the following discussion, we will highlightimportant recent progress that has been donein
the template-assisted synthesis of complex magnetic nanostructures.

Mirkin et al and co-workers have demonstrated the synthesis of nanobarcodes (segmented nanowires
with excellent control of composition along the length) of metals and polymers magnetic and non-
magnetic materials. They demonstrated the fabrication of two component rod structure that was made
by deposition of hydrophilic Au block and hydrophobic Polypyrrole block on anodic alumina oxide
template. Due to the difference in the diameter of hydrophilic Au and hydrophobic Polypyrrole these
sections were assembled in unique and exclusive pseudo-conical shape with three-dimensional bundle-
and tubular-shaped structure as shown in Fig 6.8 [87].

FIGURE 6.8
a) SEM image of self-assembly of Au-Polypyrrole rods into a tubular shape. b) SEM image showing the alignment of
the ferromagnetic portion in a bundle of Au-Ni rods [87]

Recently, Han garter et al. have demonstrated the fabrication of multi component nanorods comprised
of gold, nickel and poly-pyrrole [88]. Fig 6.9 shows schematic over view of that fabrication of such
segmented nanorods. In this method gold layer is sputterd on the alumina plate followed by deposition
of material of interest into the pores of gold layer. For fabrication of nanorods (barcodes), the electro-
deposition of the material is carried on, until a precise length is gained followed by the deposition of
subsequent metal or polymer. Finally, the template is dissolved in the basic solution so as to remove
the gold layer, and, to obtain the nanowires that can be functionalized or can be used for a wide
number of applications.
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FIGURE 6.7

(a) Schematic representation of steps involved in the fabrication of multi segmented nanorods. (b) SEM image of
the cross-section of segmented nanorods on the alumina template. (c) SEM image of single nanorod having
different segments of the nanorods. (Scale bar % 1 mm) reprinted from Ref [85]

Penner et al and co-workers have presented the fabrication of highly oriented nanowires of different
metals e.g. Au, Ag, Cu, Pd, Ni and metal oxide (MoO,) by using graphite template. This fabrication
method involves the electrochemical deposition and nucleation of the magnetic nanoparticles at the
step edges due to extreme low surface energy of the graphite template and relatively high activity of
the step edges of metal nanoparticles [89, 90].Mann’s group have used this technique for biomedical
application using biomolecules as template [91, 92].

Tomoyuki et al and co-worker have demonstrated the fabrication of magnetic nanoparticle arrays by
using diblock copolymer template substrate consisting of self-assembled polystyrene (PS) dots in a
polymethylmethacrylate (PMMA) matrix and chemically synthesized Fe;04 nanoparticles shownin Fig
6.8. This group studied the effect of dipping duration of the diblock copolymer template in the Fe;0,
solution, the withdrawal speed of the template from the solution and the volume fraction of Fes0,
nanoparticles in the solution [93].
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FIGURE 6.8

SEM images of Fe;0, nanoparticles on self-assembled PS dots/PMMA matrix diblock copolymer template as a
function of volume fraction of Fe304 nanoparticles in hexane for (a) 0.001 vol%, (b) 0.005 vol%, (c) 0.05 vol% and
(d) 0.1 vol%, respectively reprinted from Ref [93]

Assembly of magnetic nanostructures

Self-assembly which is a “bottom up” nanofabrication approach involves thermodynamically atomic
arrangements. This method involves the arrangements of molecules or magnetic nanoparticles into
arrays of complex shape that are stabilized against destructive thermal decomposition via nanoscale
forces. Self-assembly of nanoparticles can be obtained by application of nanostructured templates or
external fields (field-directed or field-assisted assembly). Different strategies for assembly of magnetic
nanostructures have been demonstrated. The functional superstructures like linear and branched
chains and close packed arrays of magnetic nanostructures are formed due to relative strong dipole
forces. Biological systems present the best examples of self-assembly of magnetic nanoparticles.
Magnetite nanoparticle chains of 40-100 nm have been observed in magnetotactic bacteria. A
permanent magnetic dipole that is critical for orientation of these bacteria, was resulted due to the
chain-like assembly. There are numerous reports describing the spontaneous assembly of
ferromagnetic nanoparticles into linear, branched chains and various other shapes. Singamaneni and
Bliznyuk have exclusively demonstrated the self-assembly of magnetic nanoparticles through applying
external magnetic field. They observed the formation of chains of Ni nanoparticles by application of the
external magnetic field followed by evaporation of the solvents that give long interconnected chains of
Ni nano particles. It was also observed that in the absence of external magnetic field, there was no
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aggregation or chain like assembly results [94]. Fig. 6.9 shows the AFM images of the self-assembly of
Ni nanoparticles chains.

10.0 nemDiv

8.0 nmiliv

FIGURE 6.9

AFM images of self-assembled Ni nano chains formed in the presence of external magnetic field on (A) Image
showing the array of nanoparticles connected to form a chain on silicon substrate and (B) highly oriented pyrolytic
graphite reprinted from Ref [94]

Guided and template-assisted assembly

Template assisted fabrication is an attractive fabrication technique for magnetic nanostructures in
which, not only the size, shape and composition of the nanostructures are controlled, but, it also allows
the fabrication of pre-assembled structures. Park and co-workers have shown a unique approach for
assembly of wide variety of magnetic, noble metals and semiconducting nanostructures into chains.
They used anionic glycosaminoglycans, hyaluronic acid (HA) as a template, and the catechol was
chemically introduced to the HA, called HA-catechol. It was proven that different types of nanoparticles
were assembled onto linear HA-catechol. Nanoparticles solution concentration determines morphology
and properties of the assemblies [95]. Fig 6.10 shows show the ID assembly of the nanoparticles.
Sibener et al used polystyrene (PS)/poly (methyl methacrylate) (PMMA): PS-b- PMMA di-block-
copolymer thin film as physical template for the assembly of FePt nanoparticles which resulted in a
wide variety of patterns with nanoscale periodic structures.

Takahashi et al and co-workers have also presented the assembly of magnetic nano particles by using
template substrate consisting of self-assembled polystyrene (PS) dots in Polymethylmethacrylate
(PMMA) matrix [93].
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FIGURE 6.10
Schematic illustration of mussel-inspired, material-independent, 1D assembly of various nanoparticles reprinted
from Ref [95]

Application of magnetic nanoparticles
Recent Advances in the biomedical applications of magnetic nano structures

Recently magnetic nano particles have been used for a wide number of applications, For example in
industry, as magnetic inks for bank cheques and jet printing, high density magnetic data storage
devices, magnetic information storage, xerography, catalysis, magnetic refrigeration, electronics
(recording media) as photo catalyst for organic dye removal, for water splitting, gas sensors, as an
electrode in Li-ion batteries in biomedical application and sewage treatment applications.

Because of the nano size of magnetic nano particles they can be attached to cell or they can be
transported through the cell by introducing within the cell and can even directly enter into the blood
stream. Biomedical applications are imposed to strict requirements on the particles (physical, chemical
and pharmacological) properties, including chemical composition, size, granulometric uniformity,
homogeneous crystal structure, magnetic properties, surface area and structure, adsorption
properties, biocompatibility, hardness and flexibility, solubility, low toxicity and non-allergic affect.
Numerous properties that offer abundant attractive possibilities to magnetic nanoparticles in
biomedical field are their comparable sizes to those of a virus (20-500 nm), a protein (5-50 nm) or a
gene (2 nm wide and 10-100 nm long) their superior magnetic properties and their large surface area
that make them nontoxic, biocompatible and better suitable for biological system. In this chapter, we
will only present the review of few applications of magnetic nanoparticles in biotechnology and energy
applications.

Targeted drug delivery
Magnetic nanoparticles are used widely for drug targeting applications owing toits suitability. They can

effectively and safely transfer the drug (with maximum loading) to a specific site. The following
parameters of the nanomagnets are critical to be used as carriers for drug for, they possess smallest
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particle size and large surface areas so that sedimentation time increases and the surface
characteristics of magnetic nanoparticles protects them from degradation and make them excellent
biocompatible drug delivery vehicles. They possess excellent magnetic properties to reduce the
chances of nanomagnets concentration in blood and timely deliver the drug to the targeted side.
Several challenges associated with the application of the magnetic nanoparticlesinclude their behavior
in vivo systems. The efficiency in vivo applications before transfer to the target tissue, depends upon
the ability of magnetic nanoparticles to cross biological barriers of the vascular endothelium or the
blood brain barrier and the recognition and clearance by the reticulo-endothelial system (RES).
Indirectly, the efficiency of magnetic nano particles is highly dependent on their size, morphology,
charge and surface chemistry. Several techniques such as reducing size and grafting non-fouling
polymers have been employed to increase the effectiveness of magnetic nanoparticles.
Next-generation magnetic nanoparticles for drug delivery incorporate novel nanocrystalline cores,
coating materials and functional ligands to improve detection and specific delivery of the nanoparticles.
New formulations of magnetic nano particles cores such as doped iron oxide nanocrystals,
metallic/alloy nanoparticles and nanocomposites offer high magnetic moments increasing their signal-
to-background ratios under MRI. Concurrently, the use of new surface coatings, such as stable gold or
silica shell structures allows the application of otherwise toxic core materials as well as more thorough
coating by formation of self-assembled monolayers (SAMS) on the nanoparticle surface.

Proteins [96], peptides, aptamers and small molecules [97] have been used as Targeting ligands to
increase the site-specific accumulation of magnetic nanoparticles. In some cases some specific binding
procedures are used to that stimulate internalization of the nanoparticle by receptor-mediated
endocytosis. The following scheme 3 shows the mechanism of targeted delivery of drug by magnetic
nano particles to the tumour cell by receptor-mediated endocytosis. In this process the drug carrying
magnetic nano particles are carried by blood stream to the specific tumour cells where they enter by
formation of the endosome. Then endosome swells as a result of increase in osmotic pressure and
finally ruptures to release the drug in the tumour cells.

Endothelial Cell

Nanoparticle
Red Blood Cell

v/

P Tumour Cell

3

Mitochondria

SCHEME 3

Illustration of tissue specific delivery of MNPs through active targeting facilitated by “leaky” vasculature. (A)
Internalization of nanoparticles by (A) receptor-mediated endocytosis and formation of an endosome. (B)
Endosomal acidification by proton pumps results in elevated osmotic pressure, swelling, and (C) rupture of the
endosome allowing for release of the nanoparticle and conjugated therapeutic agents reprinted from Ref [98]
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Haijuan et al and coworker have synthesized Fe;0,/SiO, hollow microspheres (HMS) with Fe;0,4 as
magnetic core and poly (ethylene glycol)-poly—(D,L-lactide) (PEG—PLA) as shell coating (HMS@PEG—PLA)
for targeted drug delivery process. This ternary nanocomposite has advantages because of its hollow
structure it can load a large quantity of drug ,due to magnetic properties it can easily be manipulated
by application of applied external magnetic field and due to biodegradable and bioactive poly (ethylene
glycol)-poly—(D,L-lactide) polymer coating it possesses biocompatibility [48]. The schematic for the
synthesis hollow Fe;0,/SiO, @PEG—PLA is given below in scheme 4.

Sn(Oct) ,
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SCHEME 6.4

The synthesis procedure of hollow Fe;0,/SiO,@PEG—PLA for controlled release of drug to the specific site
reprinted from Ref [48]

In addition, recent studies and reviews show increasing role of cellular mechanics in diseases such as
malaria and cancer metastasis. As such, there is a great potential for next-generation platforms to
incorporate surface qualities that would enable probing and/or monitoring of local physical
mechanistic changes at a length scale which would greatly assist in improving disease detection,
monitoring, diagnosis, and treatment.

Nano magnetism in therapeutic hyperthermia

Magnetic nanoparticles are used for a wide range of clinical applications like targeted drug delivery,
magnetic resonance imaging and magnetic fluid hyperthermia. Hyperthermia is one of the promising
biomedical applications of magnetic nanoparticles for cancer treatment. Magnetic nanoparticle
thermotherapy is the first heating technique that involves the use of magnetic nanoparticles for clinical
application [99, 100]. Magnetic nanoparticles (nanosized magnets) act as thermal seeds in targeted
magnetic hyperthermia treatment of cancers under an alternating magnetic field. Particles used for
magnetically mediated hyperthermia include seeds such as rods of several mm size (1-300 mm) and
nanoparticles (1-100 nm) [101, 102].The specific absorption rate (SAR) of the implant in an alternating
magnetic field, reveals the heating rate. Thermal energy is then released to the surrounding of the
targeted implant, varied with the size of the magnetic material used and the strength of the applied
magnetic field [103].

In present clinical trials, a praiseworthy method of hyperthermia includes interstitial heating of
targeted tumor cells followed by direct injection of magnetic nanoparticles to the targeted site. For



Nanomagnetism 151

prostate cancer treatment, this clinical trial has been applied at two separate phase. The first phase is
the applied magnetic nanoparticles thermotherapy alone, and, the second phase is the applied
magnetics nanoparticle thermotherapy combination with permanent seed brachytherapy. As, with any
other heating technique, this novel approach necessities specific tools for planning, quality control and
thermal monitoring, based on appropriate imaging and modelling techniques [104-106].

Recently, multiphase magnetic composite materials have been successfully used to make effective
tunable magnetic systems for treatment of hyperthermiato modify intrinsic magnetic
properties, where the net contributions of different magnetic phases make it possible to modify the
magnetization and anisotropy of the composite material [107, 108]. This approach involves for
instance, mixed phase composites of SrFe;;,016/MgFe,0,/ZrO, that have been prepared and, have
efficient ability for the treatment of magnetic hyperthermia. The magnetic properties of hard/soft
SrFe;,019/NiFe,0,4/ZnFe,0,, SrFe;,0:5/ZnFe,0,4 and SrFe;,014/y-Fe,0; composites have been studied
[109]. The results conclude that exchange coupling between hard and soft phases, strongly, influences
the magnetization and coercively of the composites.

Magnetic nano particles for Energy storage applications

Nowadays there is an urgent requirement to develop green and more efficient sources of energy. Most
commonly used facile sources of energy are Li-ion batteries, fuel cell, supercapictors and hydrogen
production cell. Lithium ion batteries that possess high charge and discharge ability, high energy
density and high power capacity are the most efficient cost effective and attractive source of energy for
power application and electric vehicles. These batteries have long been considered to be one of the
most promising power sources for popular mobile devices, such as mobile phones, notebooks.
Magnetic nano particle also find application in this field [110]. Fe30, is one of the promising material
that has been used as anode for lithium ions batteries [111-113], but, there are some drawbacks with
Fes04to use it asanode. For example it undergoes volume changes during the process of lithiation and
de-lithiation, it possesses low conductivity that results in lower capacity and power cycalbility, which
lowers the efficiency of the lithium ion batteries. To overcome these problems, Fe304has been used as
hybrid material with various other materials that enhance the properties of magnetic Fe;0,and makes
it suitable for the best performance in the batteries. For example, Jingshan et al and coworker have
reported the atomic layer deposition of Fe;s04 nanocrystals on the 3-dimensional graphene foam for
lithium ion batteries in which ZnO acts as sacrificial layer. This nanocomposite enhances the power
capacity and energy density of Fe;04 because three-dimensional (3D) graphene foam is extremely light
and flexible as compared to other 3D bulk metal electrodes, and it possesses high electrical
conductivity (around 1000 S/m) which ensures an efficient ion and electron transportation. Secondly,
the bicontinuous Fe;0,4 nanostructures are homogenously distributed on the graphene foam surface
with a close physical contact that provides an efficient lithium ion and electron transport between
Fe304 nanoparticles and 3D graphene foam, as well as transport ion between the electrolyte and the
active material [114] as shown in Fig 6.11.
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FIGURE 6.11
Schematic diagram of the sample structure. (a) Graphene foam backbone. (b) Graphene foam coated with ZnO by

atomic layer deposition (GF@ZnO0). (c) Graphene foam supported Fe;04 nanostructure electrodes (GF@Fe;0,)
reprinted from Ref [114]

The charge storage behavior of the GF@Fe;0, electrodes was systematically investigated by cyclic
voltammetry (CV). As shown in Figure 6.12a, in the first discharge process, two well defined reduction
peaks can be resolved at 0.67 and 0.27 V respectively, corresponding to the structure transition
induced by lithium intercalation (Fe;O,4 + xLi+ + xe- - LixFe30,4) and the further, reduction of LixFe;0,4
to Fe(0) by conversion reaction [LixFe304 +(8 - x)Li + +(8 — x)e- - 4Li20 + 3Fe]. As shown in the figure
6.12b, that cycling capacity of GF@Fe3;0,4 has been significantly increased as compared to pure GF.
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FIGURE 6.12

Electrochemical properties of the GF@Fe;0, LIB electrodes. (a) CV curves of the GF@Fe3;0, electrode (b) Cycling
profiles of the GF and GF@Fe;0, electrodes at 1C rate, reprinted from Ref [38]

Recently Wang et al have used solvothermal method to construct a novel 3D monolith of Fe,05/GS
(graphene sheets) with high stability and Li storage ability. The monolith have 3D structure with
interconnected macro porous framework with Fe,03 nanocrystals. As shown in Fig 6.13 interconnected
macro porous structure, high conductivity and homogeneity of the structure results in excellent
prolonged cycling stability of 733 mAh g ' during 1000 charge/discharge cycles at 2000 mA g " [115].
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(a) Comparative cycle performance of S-Fe,05 /GS, H-Fe, 03 /GS and pure Fe,0; electrodes at a current density of
500 mA g _1(b) cycle performance of S-Fe,0; /GS at a current density of 2000 mA g - Reprinted from ref [115]

Conclusion

This chapter gives brief introduction of the applications and synthesis techniques use for the synthesis
of magnetic nano particles. It explain that how to perform nano scale magnetism. Give anintroduction
about the various synthesis methods used for the preparation of well dispersed and isolated magnetic
nanoparticles. Significantly the intensity of inter-particles interactions can dramatically affect the
magnetic behavior of their macroscopic ensemble. We will have a look over the advances that have
been happening in the synthesis and application of magnetic nanoparticles.
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