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Preface

A nanostructured material has at least one of its dimensions in the 1 nm to 100 nm range (1
nm = 10 meters). So, thin films with thickness less than 100 nm, wires with diameter D less
than 100 nm, and particles with diameter D less than 100 nm are examples of nanomaterials
(NM). A nanocomposite is a composite of an NM with any other material. During the past
20 years or so, interest in the properties and applications of NM has increased enormously
among researchers worldwide in diverse fields of physics, chemistry, engineering, and bio-
medicine. This interest stems from very interesting and changing properties of NM with
changes in the size of the nano-dimensions and potential applications of these properties to
many diverse areas such as catalysis, energy conversion processes, sensors, magnetic stor-
age media, and biomedicine.

The interesting size-dependent properties of NM result from a combination of finite size ef-
fects, role of the different properties of the surface atoms vis-a-vis those of the atoms in the
core of NM, and quantum confinement effects in really small NM. Compared to atoms in
the interior, atoms on the surface of a material have comparatively weaker bonding with
their neighbors because of the reduction in the number of the nearest neighbors at the sur-
face, leading to different properties of the surface atoms. For a bulk material, the fraction of
atoms on the surface is quite negligible, and so their effect is not observed in the measured
properties. However, for an NM, the fraction of the surface atoms to the total number of
atoms in the NM increases inversely with nano-dimension D, and so the role of the surface
atoms becomes quite dominant. As examples, for a spherical nanoparticle of D = 100 nm, the
percentage of atoms on its surface is about 1%. However, this percentage increases to about
25% for D =5 nm and 40% for D = 3 nm. The finite size effects result from the fact that NM
with dimensions less than the characteristic length scale associated with a particular phe-
nomenon has different size-dependent properties. Examples of size-dependent properties
are electronic structures, energy band gaps, melting temperatures, electrical and thermal
conductivity, and magnetic ordering temperatures. For magnetic nanoparticles, below a crit-
ical size, nanoparticles become superparamagnets with entirely different static and dynamic
magnetic properties, which in turn lead to many applications. In semiconductors, quantum
confinement effects and discrete energy levels appear as the size becomes comparable to the
exciton Bohr radius, leading to the formations of quantum wells, quantum wires, and quan-
tum dot analogous to thin films, nanowires, and nanoparticles, respectively.

In recent years, a number of books and review papers have been published in these emerg-
ing areas of nanoscience and nanotechnology, which readers can access for background and
earlier developments. Some examples of the published books in this category are Introduc-
tion to Nanotechnology by C. P. Poole and F. J. Owens, Magnetic Nanoparticles edited by N. T.
K. Thanh, and Handbook of Nanostructured Materials and Nanotechnology (five volumes) edited
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by H. S. Nalwa. Since new results continue to emerge in this fast-moving research area,
there is an ongoing need to have accessible research and review papers that researchers
worldwide can access. This is the primary justification of this new book on nanostructured
materials. The eleven chapters contained in this book are written by different research
groups from around the world who are willing and able to share their research and exper-
tise in their particular research area in an open access format.

The eleven chapters are organized in two sections: Section 1 contains four chapters dealing
with the fabrication of different nanostructures followed by their structural characterization
and Section 2 contains seven chapters focusing more on the applications of nanostructures
along with their fabrication and characterization. The four chapters in Section 1 are arranged
as follows: Chapter 1 deals with different methods of preparing ZnO nanostructures with
different morphologies and dopants; Chapter 2 is on the fabrication of ferrite nanostructures
by the very new technique of spark plasma sintering, which allows to produce full densifica-
tion of ferrite particles in the nm range; Chapter 3 is on the phase and size evaluations of
mechanically alloyed Cu-Mg-Ni powders with the formation of a CuMgNi ternary alloys
with FCC structure and grain size less than 20 nm; and Chapter 4 describes results from the
investigations of the usefulness of nanoscale multilayered composite coatings deposited on
carbide cutting tools, enhancing their useful life by several folds. In these chapters, the focus
is on the fabrication of the NM by different techniques followed by structural characteriza-
tion using techniques such as X-ray diffraction, scanning electron microscopy, and transmis-
sion electron microscopy.

For the seven chapters in Section 2, there is further hidden subgrouping since three chapters
on biomedical applications and two on sensors are grouped together with the remaining
two chapters on solar cells and herbicides placed at the end. Among the three chapters on
biomedical applications, Chapter 5 provides an excellent review on superparamagnetic iron
oxide nanoparticles (SPION) including methods for their fabrication and structural, mor-
phological, and magnetic characterization relevant for their use in theranostics (a single plat-
form that combines therapy and diagnosis of cancer). The applications of SPION for drug
delivery, magnetic resonance imaging, and magnetic hyperthermia therapy (MHT) are in-
cluded along with recent results on MHT study on Gd-doped SPION as a possible theranos-
tic agent. The chapter concludes with a discussion on the challenges and outlook on the
future research for theranostics in clinical settings. Chapter 6 is a review of dendrimer nano-
structures that are spherical nanosized polymers with a core from which branched polymer-
ic dendrons diverge and they are end-capped with selected terminal groups. This chapter
reviews selected modifications of dendrimers for their use for the prevention and fighting
off infections caused by bacteria and fungi, viruses, and parasites/protozoa.

Chapter 7 is a review of polymer nanocomposites based on polyvinyl alcohol (PVA), poly-
carbonate (PC), and matrixes of dental resins along with nanoparticles of TiO2, silver, and
carbon nanotubes. Characterization of the nanocomposites using microscopy, X-ray diffrac-
tion, thermal analysis, and low-field NMR relaxometry is discussed along with their applica-
tions in dentistry and drug delivery systems.

Chapters 8 and 9 deal with the fabrication, characterization, and applications of NM systems
in sensor technology. In Chapter 8, the authors review the synthesis of ZnCo,O, nanostruc-
tures by microwave-assisted colloidal method followed by characterization by X-ray diffrac-
tion, Raman spectroscopy and microscopic techniques and its application as sensor for the
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detection of CO gas. The authors of Chapter 9 describe the synthesis and characterization of
aluminum and iron-doped ZnO nanoarrays and their applications for humidity sensing. The
Al-doped ZnO showed dense arrays with smaller nanorod diameter and highly porous sur-
face yielding higher electrical conductivity and more than two times higher sensitivity as a
humidity sensor compared to undoped ZnO nanorod arrays.

Chapter 10 deals with a review of the progress that has been made to date to enhance the
efficiencies of various nanostructures used in solar cells including utilizations of all the
wavelengths present in the solar spectrum. The performance evaluation of various solar
cells including those based on quantum wells, quantum wires, quantum dots, and multi-
junctions is covered. Finally, the authors of Chapter 11 describe the intriguing use of nano-
particles as carriers for overcoming the problem of herbicide resistance of weeds in
agriculture. The use of polymeric, inorganic (silicon dioxide), and rice husk nanoparticles as
carriers for herbicides to overcome the weed resistance is discussed.

It is indeed amazing and gratifying to see all these new methods of fabrication of nanostruc-
tured materials and their potential applications in many diverse areas of human interest. As
editor of this book, I thank these authors for their contributions and for their willingness to
make changes to their manuscripts, sometimes major, after my editorial recommendations
and suggestions. However, credit for the quality of the research presented in these chapters
really belongs to these authors. Also, a uniform style of writing was not possible under this
process, and so readers may find somewhat varying style of writing from chapter to chap-
ter. An important feature of these reviews and research articles is the list of up-to-date refer-
ences that readers can access in these specific areas. It is hoped that new as well as seasoned
researchers will find these chapters of great use in their research.

Mohindar Singh Seehra

Department of Physics and Astronomy
West Virginia University
Morgantown,

West Virginia, USA

Xl






Section 1

Fabrication and Characterization







Chapter 1

ZnO Nanostructures Synthesized by Chemical Solutions

Jose Alberto Alvarado Garcia, Zachary Garbe Neale,
Antonio Arce-Plaza, Avelino Cortes Santiago and

Hector Juarez Santiesteban

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68278

Abstract

Nanomaterials have been synthesized using several different techniques. Some of these
techniques are sophisticated, expensive and need certain training before use. However,
there are other highly efficient methods for preparing nanomaterials that are easy to work
with and require no specialized equipment, making them relatively inexpensive routes
for synthesis. The least expensive routes are those that are classified as solution-based
techniques such as colloidal, sol-gel and microwave-assisted synthesis. The focus of this
chapter is on a general description of each technique with recent advances in synthesis,
doping processes and applications. Specifically, these processes are discussed in connec-
tion with the synthesis of ZnO compounds and its related nanomaterials.

Keywords: ZnO, synthesis, chemical solutions, nanostructures

1. Introduction

An important II-VI semiconductor is ZnO which has been well-studied and applied in a
variety of applications. It has a band gap of 3.6 eV and large exciton binding energy of 60
meV. Nowadays this material is considered as one of the most important large band gap
semiconductors due to its easy synthesis, stability at room temperature, eco-friendly proper-
ties, being a direct band gap material and fast mobility. This material exists in three different
crystal phases such as zinc blende, cubic or rock salt and wurtzite or hexagonal. The first two
phases are obtained only in certain well-controlled conditions such as certain pressures and

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN
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on specific substrates. However, the most common phase under ambient conditions is the
wurtzite hexagonal crystal structure shown in Figure 1.

Another advantage of this compound is that it can be synthesized and deposited by
employing different techniques. Slight variation in process conditions can result in dif-
ferent product morphologies and properties. Since the costs associated with research and
industry is always an important consideration, it becomes necessary to use inexpensive
and efficient methods to obtain the desired novel nanostructured materials with applica-
tions in different fields such as optoelectronics, solar cells, piezoelectric and sometimes in
biological materials.

Sol-gel, colloidal solution and microwave-assisted synthesis are techniques that are still
important in the synthesis of semiconductor nanomaterials. These techniques share some
similar characteristics such as (i) they are relatively inexpensive; (ii) the efficiency of the
synthesized materials is high; (iii) process parameters are easily controlled and (iv) these
techniques are also well-studied. For these reasons, in this chapter we have focused on a
review of these techniques, especially for the synthesis of ZnO, with emphasis on the recent
advances in the synthesis of novel nanomaterials and its applications. A general overview of
each process is also presented for ease of readability. The synthesized materials have been
structurally characterized using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Figure 2 shows a representative XRD pattern of ZnO. XRD patterns of synthesized
material can be compared to reference patterns to determine phase purity or if there is pref-
erential crystal orientation. Most of the time, ZnO is obtained as a polycrystalline film or
powder which can be identified by its numerous diffraction peaks at relative intensities.
Depending on the processing conditions, single crystal or preferential growth can occur

Figure 1. Representation of ZnO wurtzite crystal structure (black and grey balls corresponds to Zn and Oxygen atoms).
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in thin films that result in different relative peak intensities or missing peaks compared
to the reference pattern. The 2-theta values of the (100), (002) and (101) lines in Figure 2
of the hexagonal crystal planes are located at 31.770, 34.422 and 36.253° for wurtzite ZnO

(Ref. JCPDS card # 36-1451).

Different processing parameters may result in different microscopic product morphologies
of ZnO. From SEM, we can observe that this material could be obtained as nanoparticles

—7nO0NPs
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Figure 2. Typical XRD pattern of ZnO nanoparticles.

500 nm

Figure 3. SEM image of ZnO nanoparticles obtained via colloidal synthesis. The scale bar is 500 nm.
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(Figure 3), polycrystalline (Figure 4) and as a nanostructured thin film (Figure 5). All of
these materials were synthesized under non-extreme conditions using colloidal synthesis
to produce the source material. The crystal structure of these materials is the hexagonal

wurtzite structure.

Figure 4.SEM image of polycrystalline ZnO thin film obtained through vacuum evaporation process, colloidal
nanoparticles as source were used. The scale bar is 500 nm.

Figure 5. SEM ZnO nanostructures using colloidal nanoparticles as source. The scale bar is 500 nm.
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2. Some techniques for synthesizing ZnO nanostructures and nanoparticles

2.1. Sol-gel

The sol-gel process encompasses a variety of precursors, solvents and additives. But in gen-
eral, the basis of the sol-gel process includes some form of hydrolysis and condensation reac-
tions. In the case of ZnO, usually a zinc salt such as zinc acetate is used with water or an
alcohol as the solvent. An example of possible hydrolysis and condensation reactions for ZnO
are shown in Egs. (1) and (2), where Zn(OR), is a soluble salt.

Zn (OR),H,0Zn (OH), + 2R 1)
Zn(OH),+Zn(OH), — (OH)Zn-O-Zn(OH)+H,O @)

During the hydrolysis reaction, the soluble zinc precursor forms a zinc hydroxide intermedi-
ate that is able to condense with other intermediates to grow a zinc oxide inorganic polymer.
The final product after drying has an amorphous structure and crystallization of ZnO par-
ticles require an annealing step. The morphology of the inorganic network can range from
spherical nanoparticles to percolated gels and is highly dependent on the choice of precur-
sors, water content, solute and solvent ratio, aging and additives. The sol-gel process has
proven to be an inexpensive and relatively simple method of ZnO nanoparticle synthesis that
is tailorable to produce unique nanostructures for different applications.

2.2. Colloidal solution

Colloidal synthesis is another well-known chemical solution method to obtain novel nanoma-
terials with different morphologies and sizes. All processing conditions involved in the system
can be fixed to control nucleation and growth of the materials. The kind of interactions (physical
and chemical) between particles include Vander Waals, electrostatic, Ostwald ripening and some
other theoretical principles such as Derjaguin, Landau, Venvey and Overbeek theory (DLVO).
These interactions can contribute to agglomeration and subsequently precipitation of the parti-
cles. Colloidal instability can be prevented through steric stabilization which usually requires a
surfactant to maintain the colloidal suspension. Surfactants work in two ways: first, to prevent
particulate interactions and second, to prevent the continuous nucleation and growth of particles.

2.3. Microwave-assisted synthesis

Microwave-assisted synthesis is a relatively recent technique that has been used for synthesis of
nanomaterials. It has been considered as a promising approach to obtain novel nanomaterials in
organic and inorganic fields. Additionally, microwave synthesis is considered as a green process
and coheres perfectly to the principles formulated by Anastas et al. related to green chemistry [1].

Often a domestic microwave is used and the synthesis is carried out in solvent-free solutions.
This technique allows for rapid and homogeneous heating of the system since energy is trans-
mitted directly through molecular vibrations. The short heating ramp time of microwave
synthesis allows for better control of particle size distribution compared to conventional
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heating. On the contrary, the extremely high heating rate of microwave-assisted synthesis may
cause the boiling point of the solution to increase by a few degree Celsius. Additionally, the
microwave susceptibility will vary between different materials and temperatures.

The microwave energy is generated by a magnetron that transforms electrical energy into a
strong magnetic field. The electromagnetic energy interacts with the solution, vibrating the
molecules and giving sufficient activation energy to the system for chemical reactions to take
place in seconds or minutes.

The reaction rate during microwave synthesis can be explained through the Arrhenius equa-
tion [Eq. (3)] as follows:

K = AR 3)

where K is the rate constant, T is the absolute temperature (in Kelvin), A is the pre-expo-
nential factor, a constant for each chemical reaction that defines the rate due to frequency of
collisions in the correct orientation, AG is the activation energy for the reaction (in Joules) and
Ris the universal gas constant. Thus, the two parameters affecting the kinetics of a particular
chemical reaction are temperature and activation energy.

Bilecka et al. reported that nanoparticle growth can be described using four thermodynamic
parameters related to the Arrhenius equation through activation energy [2]. These variables are the
activation energies for precursor solvation, monomer formation, nucleation and crystal growth.
As with colloidal synthesis, nucleation and growth in microwave synthesis are governed by
Ostwald ripening.

3. Synthesis of ZnO nanostructures and nanoparticles via chemical
solutions: recent advances

Sol-gel, colloidal and microwave-assisted synthesis are effective techniques to efficiently obtain
novel ZnO nanostructures. These techniques are relatively inexpensive and do not require sophis-
ticated laboratory equipment. Additionally, slight variations in precursors or process parameters
can produce different morphologies that can be applied in different technological fields.

3.1. Process, materials and precursors

The precursors used in these synthesis routes usually start with a basic salt of Zn, a solvent
and a catalyser such as temperature. The Zn precursor must be soluble in the selected solvent
such that it can provide the necessary Zn ions to produce ZnO particles. Other reagents may
be added in order to substitutionally dope ZnO with metal cations such as Fe, Cu, Co and
Ba. Additionally, surfactants may be added to maintain colloidal stability of the product or
influence the morphology of the growing particles.

Different precursors used in sol-gel and colloidal techniques from recent publications have
been summarized in Tables 1 and 2, respectively. The readers are asked to consult the rel-
evant publications for details of these processes.
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3.2. Recent studies and applications

Various morphologies of ZnO can be obtained from the sol-gel process including nanorods [3],
inhomogeneous films [4, 5], inhomogeneous nanoparticles [6] and nanocomposites [7].

The structural effects of cation doping on ZnO nanoparticles was investigated in several stud-
ies. When doped with lithium, it was found that the concentration of Li* ion substitution for
Zn* directly affected the XRD intensity of the (002) plane, but did not affect the grain size or
crystallinity of the nanoparticles [8]. When ZnO was doped with Ca* ions, the average par-
ticle size was increased to 40-90 nm which could be attributed to the larger ionic radius of Ca*
that substituted for Zn* ion sites [9]. Likewise, the average grain size reduced when a small
radius ion is substituted for Zn** (0.74 A) in the hexagonal wurtzite structure such as Co*
(0.58 A) [10]. Doping with AI** ions also showed the same tendency in reducing particle size,
however, impurity phases such as Al,O, and ZnAl O, were also observed [11]. Additionally,
co-doping of ZnO with Ag" and AI*" ions showed the formation of crystal defects due to the
difference in ionic radius between Ag*, AI** and Zn*. Crystallinity improved proportionally
with increased Ag*" doping concentration, however, lattice defects and dislocations increased
with AP* substitution [12]. Further dopant studies also demonstrated that limited dopant
precursor solubility provoked a random distribution of dopant throughout the product [13].
Most research about doping ZnO has resulted in improved optical and electrical properties
due to improved morphology or intrinsic material properties [14-20].

Synthesis of ZnO of different morphologies without doping is also important to consider
since product morphology alone can affect device properties. Without any dopant ZnO can
be obtained under normal laboratory conditions with well-aligned nanorods, agglomerated
nanoparticles and inhomogeneous thin films composed of nanoparticles, quantum dots,
nano-wires, spheres or nano-cubes [21-44].

Colloidal synthesis technique can be utilized to obtain nanocomposites of ZnO and other mate-
rials. Nano-sheets of poly (styrene-methyl methacrylate-sulfopropyl methacrylate potassium)/
Zn0O nanocomposites were obtained by Liua et al. [45]. Dissolving ZnO in other materials can
result in a great combination and co-application of materials such as ZnO/PVA (Polyvinyl alco-
hol) [46]. The same process was done to produce ZnO/TiO, multilayer thin films [47]. This tech-
nique allows obtaining well size-controlled nanoparticles such as those reported with use of
dimethyl sulfoxide, but the author reports that the solvent and post-annealing treatment are
also important factors in the crystallization process and average particle size [48].

Several authors have reported that the product morphology can be altered between flakes,
hexagons, particles and flower-like morphologies by adding different surfactant material [49].
Agglomeration of ZnO nanoparticles was reduced by adding capping agents to different thiol
molecules during synthesis [50]. It was demonstrated that the colloidal stability of nanoparti-
cles can be maintained after dispersion in monoethanolamine (MEA). Also, hybrid structures
can be obtained through this method like ZnO-Au reported recently [51]. Dispersion of nano-
materials could also be maintained through an additive such as poly (N-vinylpyrrolidone)
which has been shown to maintain colloidal stability for more than a couple of months [52].
In the same way agglomeration of ZnO quantum dots can be prevented through a capping
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agent such as 3-aminopropyltriethoxysilane in order to maintain their quantum proper-
ties [53]. Stabilization of the colloidal particles ensures that particle size and shape does not
change with time allowing for more repetitive results for each batch of material. Stable col-
loidal solutions have also been used to grow novel nanostructures on several kinds of unique
substrates such as wood that can allow for new ecological applications in future [54-63].

Colloidal and sol-gel processing are both chemical techniques that can be used to easily obtain
different nanomaterials; similarly, microwave-assisted synthesis can obtain similar products but
has been explored very little. In microwave-assisted synthesis, most reactions take place in a short
amount of time and have resulted in the synthesis of good ZnO nanostructures. The technique has
obtained spherical nanoparticles that are stable in solution for up to 50 days, and can be deposited
several times on a substrate without any change in its morphology. Similarly, it is possible to
obtain composites such as ZnO-nanoparticles on reduced graphene oxide. Also, the morphology is
highly dependent on the complexing agent where the reaction takes place or if a dopant is added,
such as that reported for obtaining ZnO nanoflowers, nanorods and nanoparticles. Additionally, a
research group has confirmed the formation of flower-like to rod-like nanostructures by changing
the system temperature. Other works have also reported about dumbbell-shaped nanoparticles,
nano-flowers, graphene-ZnO nanocomposites, straw-bundle, chrysanthemum and nanorod-
based microspheres obtained under certain temperature conditions. [2, 64-78].

4. Conclusions and future directions

The techniques listed in the above paragraphs remain as the most important chemical solu-
tion-based routes to synthesize ZnO. Within the same processing method, a variety of mate-
rial morphologies and properties can be obtained by subtle changes in temperature, additives,
dopants or other parameters. There has been a wide range of organic and inorganic par-
ticles that have been synthesized and applied in different fields through these techniques.
Investigating the effects of processing conditions on ZnO nanoparticles is still a hot topic in
current research for their applications in optoelectronic and solar cell devices.
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Abstract

Ferrites are a well-known class of ferrimagnetic materials. In the form of nanoparticles
(NPs), they exhibit novel and fascinating properties, leading to an extremely wide variety
of applications in electronics, biomedical and environmental fields. These applications
result from nanoscale effects on physical properties, particularly magnetic properties.
For applications in electronic devices, however, a high-density, consolidated body, with
very fine grains is needed, in order to retain the nanoscale properties. To our knowledge,
spark plasma sintering (SPS) is the only method permitting a full densification with final
grain size in the nanometer range. In this review, we examine the SPS method as applied
to ferrites and, in particular, the effects of SPS parameters on the final nanostructures
obtained. Due to their technological impact, we also discuss the SPS fabrication of hybrid
multiferroic nanostructures composed of a ferrite and a ferroelectric phase.

Keywords: spark plasma sintering, ferrites, nanostructures

1. Introduction

Ferrite materials have been widely used because of their excellent magnetic and electric prop-
erties. With three basic crystal structures, spinel, garnet and hexagonal unit cells, they can
form a virtually endlessly number of solid solutions and thus be tailored for most applica-
tions [1]. Ferrite-based devices [2] are used in all communication systems (magnetic storage,
microwave absorbers, high frequency inductors, radar devices, phase array antennas), dif-
ferent electric motors (a modern car has more than 30 DC motors), as permanent magnets.
Hexagonal ferrites still constitute about 75% of the permanent magnet world market [3].
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{ccY SN



24 Nanostructured Materials - Fabrication to Applications

Developed since the 1930s, ferrites are sometimes considered as a “mature” technology, with
the implication that advances in this field would only be incremental. This, in fact, is very far
from reality [4]. A simple look at specialized literature shows that advances in ferrite process-
ing and devices during the last 10 years have been dramatic and significant.

The ferrite size reduction from bulk to nanoscale has opened a whole new field of potential
applications, as well as many issues on basic research. Magnetic properties of nanoparticles
can be quite different [5] from those of their microsized or bulk counterparts. As the dimen-
sions are reduced below a critical size, magnetic properties change from those of multidomain
to those of single domain structure. Magnetic moments at the particle surface become noncol-
linear due to broken exchange bonds at the external layer of the particles. An additional com-
plexity arises from the interactions (dipolar, exchange) between particles, a subject which so
far, has been poorly understood. The macroscopic magnetic properties of nanoparticle-based
materials can be therefore extremely complex. But as it occurs very often, a source of complex-
ity can become also a source of novel applications and knowledge once properly understood.

Nanoferrite technology has been ongoing for the last 20 years, with recent advances in mag-
netic fine particle production by many innovative routes. However, for most applications in
electronic devices, a nanoparticle powder is unsuitable; a high density and fully consolidated
material is needed. Conventional sintering-usually operated at temperatures in excess of
1100°C for a few hours-leads to an excessive grain growth, making such a method unaccept-
able to consolidate nanoscale materials.

A novel sintering technique has been recently developed in Japan, known as spark plasma
sintering (SPS) [6], consisting of generating internally heat by means of DC current pulses
directly through a graphite die containing the powder compact. This technique allows very
fast heating and cooling rates (up to 1000°C/min) and has shown its potential to consolidate
nanoparticle powders into high-density samples with controlled grain growth. Contrary to
conventional sintering, ferrites have been consolidated to high density at temperatures as
low as 500°C with sintering times as short as 5 min, while keeping grain size in the 100 nm
range [7].

Recently, SPS has also shown [8, 9] the capability to consolidate nanohetero-structures in
order to fabricate multifunctional materials of strong scientific and technological interest.
Typically, ferrites combined with ferroelectric perovskites may lead to extrinsic multiferro-
ics in which the magnetization of the former can be driven by the application of an electric
field and vice-versa. The efficiency of this magnetoelectric exchange depends critically on the
morphology of interfaces [10, 11], which in turn is controlled by the SPS process parameters.

In this chapter, we present a review of nanostructures that have been obtained by means of
SPS. In Section 2, a self-contained review of the basic aspects of ferrites is given. Section 3
describes the main features of the spark plasma sintering method. The methods to synthesize
ferrite NPs that can be used as precursors for the subsequent SPS consolidation are briefly
described in Section 4. A review of results obtained on spinel ferrites using SPS is given in
Section 5. The consolidation of ferrites with garnet and hexagonal unit cells is discussed in
Sections 6 and 7, respectively. Section 8 describes the application of SPS to the fabrication of
ferrite-based multiferroic composites, and a general conclusion is given in Section 9.
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2. Overview of crystal structure and magnetic properties of ferrites

2.1. Spinels

Spinel ferrites possess the crystal structure of the natural spinel MgAlO,, where Mg and Al
have been substituted by transition cations. This structure is particularly stable, and there is
a large variety of oxides which adopt it, fulfilling the conditions of overall cation-to-anion
ratio of 3/4, a total cation valence of 8. An important ferrite is magnetite, Fe*Fe** O, (Fe,O,),
the oldest known magnetic solid which is still being researched due to the fascinating prop-
erties associated with the coexistence of ferrous and ferric cations. Another important ferrite
material is maghemite or y-Fe,O,, which is a defective spinel Fe’, .0, .O,, where o represents
vacancies on octahedral cation sites. The cation distribution, that is, the occupancy of sites by
cations depends on many parameters [1] such as ion size, valence, electronic symmetry, and
even cooling rate when they are prepared by sintering, which is the most frequently used pro-
cess. When divalent cations occupy tetrahedral (or “A”) sites and trivalent ones are on octahe-
dral (or “B”) sites, it is known as a normal spinel. A different cation distribution, where half
of trivalent cations occupy A sites and B sites, is shared by divalent cations and the remaining
trivalent cations are known as the inverse spinel. An intermediate cation distribution has been

obtained for some ferrites, where cations are statistically distributed on the two sites.

A remarkable characteristic of spinel structure is that it is able to form an extremely wide
variety of solid solutions by the partial or total substitution of divalent, or trivalent cations,
leading to an extremely wide diversity of magnetic properties. Magnetic transition tempera-

ture, for instance, varies from 9 K for ZnFe O, to 958 K for Li ,Fe, O, [1].

2.2. Garnets

Magnetic garnets possess the crystal structure of mineral Mn,AlSi,O
and Fe’" cations instead, leading to the general formula RE,Fe,O,,,
to Lu*. The garnet unit cell includes 160 atoms; rare-earth cations occupy dodecahedral sites,
and iron cations are distributed among the tetrahedral (three) and octahedral (two) sites. An
additional case is yttrium iron garnet, known as “YIG”, Y,Fe O,,, which can be prepared as a
very homogeneous phase and exhibits remarkable magnetic properties, especially at micro-
wave frequencies.

\» With rare-earth (RE)
RE is in the series from La*

As in the case of spinels, cations can be partially or totally substituted to obtain a large num-
ber of compositions. Also, as in spinels, magnetic interactions are of the superexchange type.
Rare-earth and octahedral magnetic sublattices are oriented parallel and opposite to tetra-
hedral sublattice. The spontaneous magnetic moments in rare-earth cations are localized in
orbital 4f, which is an internal one; additionally, dodecahedral sites are very large. These two
factors lead to a diminished superexchange interaction, which decreases rapidly with increas-
ing temperature. The main results are that all rare-earth magnetic garnets exhibit virtually the
same Curie temperature (560-573 K), as well as a “compensation temperature” where magne-
tization vanishes due to the mutual compensation of sublattice magnetic moments, and which
depends on the rare-earth cation [1].
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2.3. Hexaferrites

Hexaferrites are a “family” of hexagonal (and some rhombohedral) closely related structures.
The main formulae can be written as follows: BaFe,,0,, (M), Ba,Me Fe ,O,, (Y), BaMe,Fe O

16 27

(W), Ba,Me Fe, O, (X), BaMeFe O (U) and BaMe, Fe, O, (Z). Me represents a divalent
cation such as Zn, Cu, Mg, Co and Mn. Ba can also be substituted totally or partially by Ca, Sr,
Pb. Hexagonal ferrites lead to an extremely wide variety of compositions and hence magnetic
properties. Their magnetic structures are quite complex; for example, in the M structure, the
magnetization results from interaction between five sublattices coupled by superexchange
interactions. Hexaferrites are used mostly as permanent magnets due to their hard magnetic

properties.

2.4. Magnetic properties of ferrite nanoparticles

The nanoscale adds a complexity level to the magnetic properties of materials [12]. Most of
the critical lengths for magnetic properties and structures fall in the nanometer range. Two
of the most important changes are the transition from multidomain to single domain and
then the change from the long-range ordered ferrimagnetic to the superparamagnetic (SPM)
behavior. The former occurs when a nanoparticle (NP) becomes very small, and the energy to
produce a domain wall is larger than the magnetostatic energy produced by a single domain
configuration. A single domain structure is usually characterized by a maximum on the coer-
cive field. If the size of the particles is still decreased, then the coercive field and the remanent
magnetization can vanish as SPM state takes place. Superparamagnetism [5] appears when the
particle is very small, and its total anisotropy energy E, (E, = K-V, with K =anisotropy constant
and V = particle volume) is smaller than the thermal energy E_ = k,-T (with k; = Boltzmann
constant and T = temperature). Thermal energy thus overcomes anisotropy, and the magne-
tization oscillates randomly. The main difference with the classic paramagnetic behavior is
that in the case of SPM, it is the whole magnetization vector which exhibits random reversals,
instead of the individual spins. Magnetization, that is, spins coupling is maintained up to the
Curie point, T.

Since anisotropy energy usually decreases with temperature, and thermal energy increases with
T, there exists a “blocking” temperature, T, for which E_= E_; below this point NPs behave
as ordered ferromagnetic (anisotropy dominates), and above T, NPs become superparamag-
netic, with random magnetization.

Superparamagnetism is catastrophic for materials intended for magnetic recording, since
any information (in the form of a particular magnetic domain structure) is lost at room tem-
perature. For medical applications, however, SPM is just the magnetic behavior needed. In
cancer tumor removal techniques, magnetic NPs (conveniently functionalized) are injected
into the patient to be selectively localized onto the tumor. Single domain ferromagnetic
NPs, due to their magnetostatic fields, can become aggregated and form large clusters.
Once the tumor is eliminated, magnetic NPs can be easily recovered with a magnet because
under the effect of a magnetic field, SPM NPs acquire a significant magnetization and are
attracted.
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The consolidation of NPs by SPS leads to the formation of a polycrystalline structure with
grains separated by grain boundaries and the tendency to grain growth. Both of them strongly
decrease the surface effects observed in NPs. Magnetic properties can therefore exhibit dra-
matic changes as compared with the properties of original NPs powder; typically, saturation
magnetization increases to approach the bulk value, and coercive field shows a definite value
(and thus a remanent magnetization). An interesting case is cobalt ferrite, which can be syn-
thesized as fine NPs in the 5-10 nm range [13]. For such small NPs, cobalt ferrite shows a SPM
behavior at room temperature, as in Figure 1(a). Zero-field-cooled, field-cooled (ZFC-FC)
experiments usually lead to a blocking temperature in the 100-150 K range (Figure 1(b)).
Below this T, a normal ferromagnetic behavior is observed; at higher temperatures, the
anisotropy is overwhelmed by thermal agitation and a SPM phase is observed. However,
when these NPs are consolidated by SPS, a typical hysteresis loops with well-defined coer-
civity and remanence are observed at all temperatures (below the Curie point), as shown in
Figure 1(c) [14].

40

CoFe O,

CoFe,0
* SPS

20 | 300K
NPs
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-80

H (T} oK) H M)

Figure 1. (a) SP behavior of cobalt ferrite NPs in the 10 nm diameter range; (b) magnetization behavior in ZFC-FC
measurements, showing a blocking temperature ca. 150 K; and (c) magnetic hysteresis of consolidated sample at 500°C
for 5 min (adapted from Refs. [13, 14]).

3. The spark plasma sintering process

In the SPS process, the sample (typically a powder) is placed in graphite die and then com-
pressed by two pistons, Figure 2. The heating is by Joule effect, by electric current pulses.
High currents (up to 1500 A) and strong pressures (up to 120 MPa with graphite dies and up
to 600 MPa with tungsten carbide dies) can be applied, which allow significantly large heating
rates (up to 1000°C/min). It is a versatile technique with many processing parameters: sinter-
ing temperature T, heating and cooling rates (Hr, Cr, respectively), maximum load (P ), load
rate Pr, load removal rate (Pc). By measuring the distance between pistons (Z) and its more
sensitive time derivative (dZ/dt) during the process, an estimation of the density changes is
recorded, which has a direct relationship with sintering. A typical temperature and shrinkage
profile are shown in Figure 2. The main objective of the process is to transform a particle pow-
der into a high density solid. In some cases, a chemical reaction can occur during the process,
in addition to densification; in this review, only the densification process is discussed.
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Figure 2. (a) SPS electrodes and die set up; (b) a typical temperature profile (left axis), and shrinkage trace (right axis), in
the form of time derivative dZ/dt for a spinel ferrite (adapted from Ref. [7]).
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The densification process, that is, the removal of porosity (corresponding to empty spaces
between the original particles) requires diffusion; this is produced, of course, by increasing
the temperature. It appears, however, that electric current pulses have an effect also on atomic
diffusion, since high densities can be reached at very low temperatures and extremely short
times as compared with classic sintering processes. This additional effect of current has been
attributed to an increase in point defect concentration [15], as well as a reduction in the acti-
vation energy for mobility of defects [16]. In the case of insulators, it appears that it is the
electric field that leads to such enhanced diffusion since these materials can also be effectively
consolidated by SPS.

The heating rate can have a strong effect on the final microstructure of the material. During
the process, there is a competition between densification and grain growth (or “coarsening”).
The former, which is basically the removal of porosity, depends on volume diffusion, while
grain growth is controlled essentially by surface diffusion. Volume diffusion involves mass
transport and hence occurs at higher temperatures than surface diffusion. A high heating rate
therefore can “bypass” the range of grain growth alone and start readily the densification
with limited coarsening. The possibility to separate these two mechanisms makes SPS the
ideal, and so far, the only suitable process to fabricate full density nanostructured materials.

The pressure has a significant influence on final density. At relatively low temperatures, an
increase in pressure leads to higher densities. At high temperatures, the increase in density
is accompanied by an increase also in grain size. A measure of the shrinkage rate [17] can
be obtained from the time derivative of distance between pistons, dZ/dt, which is directly
obtained in most SPS available systems.

4. Brief review of synthesis methods for ferrite nanopowders

To date, a variety of synthetic methods have been applied to produce magnetic nanopar-
ticles, including those of ferrites. These methods can be divided into two main approaches,
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a top down and a bottom up ones. Bottom-up routes are attractive in terms of their low
cost and sustainability; there is, however, a generic challenge in directly obtaining particles
with a calibrated size and a uniform shape. They mainly consist on a direct precipitation
of the desired phase starting from selected precursors dissolved for an adjusted atomic
ratio in a given solvent and heated at a high enough temperature. The involved reactions
depend on the operating conditions: hydrolysis [9, 13], thermal decomposition [18, 19] and
condensation.

In some cases, the synthesis is indirect and an intermediate solid phase, like an alcoholate, a
hydroxide or a hydroxycarboxylate, is first obtained and then calcined at moderated heating
conditions (less than 800°C for a couple of hours in air) in order to form the target phase (see
for instance [20, 21]).

The heating conditions of the reaction solution in all these wet chemical methods can be
conventional or microwave assisted [22, 23]. They can be achieved under standard pressure
or under autogenous pressure (solvothermal route [24-27]). The synthesis can be achieved
under high intensity ultrasounds (sonochemical technique [28]) or under energetic radia-
tion (radiolysis method [29, 30]). Surfactants or polymers can be introduced in the reaction
medium to improve the control of the size and the shape of the particles and/or to avoid their
aggregation.

The top-down method is based on an energetic milling process of a powder [31]. The powder
can be the commercial bulk ferrite phase or a mixture of the raw oxide or hydroxides of the
metallic cations constituting its composition. The milling process can be carried out using
different apparatus, namely attritor, planetary mill or a linear ball milling (Figure 3) but in all
the cases, the introduced powders are cold welded and fractured during mechanical alloying,
favoring in one case its nanostructuration and its chemical reactivity [32, 33].

For all nanocrystalline materials prepared by high-energy ball milling synthesis route, less-
effective size control, surface and interface contamination and amorphization are major con-
cerns. In particular, mechanically attributed contamination by the milling tools (Fe, WC, etc.)
is often the problem. Recently, surfactant-assisted ball milling has been exploited for the syn-
thesis of various nanomaterials, nanograins, and nanocomposites from solid bulk materials.

Figure 3. Schematic representation of (a) the indirect direct milling equipment, including (b) linear and (c) planetary mill
equipment and that of the direct one (d), called attritor. Republished with permission of the Royal Society of Chemistry,
from Ref. [34]; permission conveyed through Copyright Clearance Center, Inc.
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Promising results have been obtained in terms of nanostructure assembly, micro-/nanoenvi-
ronment, surface functionalities, and dispersion [35].

Focusing on spinel ferrites, all these approaches were successfully used to produce nanopar-
ticles. For instance, cobalt ferrite particles having different sizes were prepared from 2 to 50
nm by sol-gel method [20] and from 2 to 10 nm by polyol process [7, 9, 13, 14, 36], without
using any additional capping agents/surfactants. In these cases, the particle size was varied
by controlling the temperature of the calcination of the precipitated intermediate solid and
that of the heating reaction solution, respectively. As this temperature is elevated, the size of
the resulting particles is large, and their crystalline quality is high (see for instance [37-40]).
Moreover, such nanoparticles can exhibit a deviation from the thermodynamic spinel stable
structure. This deviation, mainly consisting on a change in the cation occupancy of spinel
sites, increases with temperature.

By opposition, garnets and hexaferrites nanopowders can be scarcely produced directly.
Whatever the employed synthesis route, wet chemistry or ball-milling, the total processing
route often involves a subsequent annealing step in order to obtain highly crystallized and
pure perovskite or hexagonal phases. For instance, nanostructured M-type SrFe,,O,, hexa-
ferrite powder was produced by combining forced hydrolysis in polyol followed by subse-
quent annealing at 836°C [41]. It was also successfully prepared by combining ball milling
followed by annealing at 700°C [42]. This annealing step makes the resulting nanopowders
typically polycrystalline of several tens of nanometers in crystal size with a magnetization
relatively close to that measured on their bulk counterparts. The situation is almost the same
for nanostructured garnets. Annealing is required after ball-milling [43] or after sol-gel pre-
cipitation [44] for YIG preparation. In some cases, the precursors from these reactions can
be used not only for SPS sintering but also for “reactive” SPS treatment, which include the
chemical reaction.

5. Consolidation of spinel ferrites by SPS

In a typical SPS powder consolidation experiment, the starting powder is put in the elec-
trically conductive toroidal die made of graphite, and uniaxially pressed by the upper and
lower graphite punches. Most of the electric current flows through the mould, and specimen
is heated up by Joule effect. The electric current can also flow through the powder materials
itself, and self-heating occurs at the inside of the sample. Low temperature and short time
sintering are therefore possible. In the case of spinel ferrites, this technique was first used to
reduce sintering time on micrometer-sized powders [45, 46]. Then, it was used to reduce the
sintering temperature using nanometer-sized powders [7, 9, 47-49].

Spinel nanoferrites were readily synthesized by soft chemistry methods (see Section 3) in a
wide variety of compositions and can be directly consolidated by SPS. Ni-Zn ferrites have
been consolidated at temperatures as low as 350°C for 10 min, to densities about 85% [50].
Density and grain size increased by increasing the sintering temperature to 400 and 500°C, as
appears in Figure 4.
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Figure 4. Nanostructures produced by consolidation of Ni-Zn NPs by SPS by 10 min at (a) 350°C, (b) 400°C, and (c)
500°C [51].

Magnetite can be consolidated by SPS into a high density, high crystallinity solid at 750°C for
15 min, with a final grain size in the 150 nm range [49], as shown in Figure 5(a). The reductive
atmosphere of SPS prevented the oxidation of initial magnetite NPs to maghemite, y-Fe,O,,
first, and then to hematite, a-Fe,O,. The quality of the crystals can be assessed by means of
the resolution of the Verwey transition [52], which occurs about 120 K in two steps: first the
crystallographic transition [53] from the monoclinic to the cubic system and then the spin
reorientation from uniaxial to cubic symmetry [54], as shown in Figure 5.

The aggregation state of initial NPs can have an important effect on the final grain size of the
consolidated sample (Figure 6). By varying the polyol during the NPs synthesis (by hydro-
lysis in a polyol method), different aggregation clustering can be achieved [9], from mono-
dispersed NPs (reaction with diethylenglycol), ~10 NPs clusters (by using propanediol), and
~100 NPs clusters (prepared with ethanediol).

The size of the NPs was the same (~5 nm) in all clusters. The final grain sizes after consolida-
tion exhibited the opposite tendency, that is, the largest grain size was found for the mono-
dispersed sample. This points to the dependence of grain growth on surface diffusion; large
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Figure 5. (a) SEM micrograph of magnetite consolidated by SPS at 750°C, 15 min and (b) magnetization measurements
showing the Verwey transition (adapted from Ref. [49]).
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a b
d
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e f

Figure 6. Polyol-synthesized NPs in different media: (a) diethylenglycol, (c) propanediol and (e) ethanediol; they led to
SPS consolidated nanostructures (b), (d) and (f), respectively. Reprinted from Ref. [9] Copyright (2014), with permission
from Elsevier.

clusters grow mainly through the cluster surface, while monodispersed NPs coalesce directly
from their individual surface.

The importance of heating rate appears in Figure 7, where the nanostructure of a cobalt fer-
rite is shown for SPS processing at the same sintering temperature and times (2 min at 600°C
followed by 5 min at 500°C), but with heating rates of 80°C/min, and 15°C/min [9]. Grain size
is about 70 nm for the former, and 290 nm for the slow heating rate. This illustrates again the
differences between surface and volume diffusion, as previously discussed.

—— 100 nrft

Figure 7. Co ferrite processed with different heating rates to reach the sintering temperature (600°C): left 80°C/min, and
right 15°C/min. Reprinted from Ref. [9] Copyright (2014), with permission from Elsevier.
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6. Consolidation of garnets

To the best of our knowledge, only hydrothermal, and more generally solvothermal, synthe-
sis techniques may allow the more or less direct production of ferrites with the garnet struc-
ture. From a general point of view, dense oxide structures, namely crystalline cells containing
a high number of atoms per unit volume like orthoferrite, garnet or hexaferrite cells, require
a high activation energy to nucleate. This can be achieved by a postannealing treatment as
explained above or by increasing the pressure during reaction solution heating.

If a consolidated phase is sought, then a SPS treatment can be applied by using the resulting
precursors of a soft chemistry synthesis reaction. Yttrium iron garnet (YIG) can be prepared
by a SPS treatment at 750°C for 15 min at 100 MPa from the precursors obtained from a polyol
synthesis reaction [55], in big contrast with the typical parameters of the solid state reaction
(1350°C for a few hours). Note that in these original shaping conditions, highly dense and
ultrafine grained ceramics (Figure 8) were systematically obtained.

Figure 8. SEM micrograph of YIG obtained by polyol reaction + SPS treatment at 750°C, 15 min, 100 MPa. Reprinted with
permission from Ref. [55], Copyright (2013) Wiley.

7. Synthesis of hexaferrites by SPS

Nanostructured hexaferrites can be synthesized by various methods such as sol-gel [56],
coprecipitation [57], spray-drying and microemulsion [58], ball-milling [42], among others.
However, the obtained products still need thermal posttreatments in the range of 800-1200°C
to crystallize into hexagonal ferrites and get sintered. Different ways are used to minimize
the grain growth before sintering. The annealed particles can be postmilled, resulting in
smaller particles that in turn increase the density and decrease the sintering temperatures
[59]. Another way is the containment of the particles in an amorphous glassy matrix before
their annealing to form the desired phase while limiting its grain growth. One of the most
impressive result is the crystallization of 57 nm M-ferrites obtained at 642°C with the addition
of B,O, glass vs 260 nm at 800°C with silica [60]. Besides, doping hexaferrites with Zn* and
La®* can also act as a grain growth inhibitor during annealing treatment [61].
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Recently, the spark plasma sintering (SPS) method has brought an interesting alternative to
synthesis/sinter hexaferrites and optimize their magnetic properties. Indeed, SPS is carried
out at relatively low temperatures in a very short time of few minutes only, and additionally,
it allows a convenient control of grain growth. Such observations apply to SrM-type hexafer-
rites prepared by the mechanical compounding method [62]. The resulting ceramics have a
fine microstructure as illustrated in Figure 9 [63].

SPS of SrFe ,O,, at 1100°C for 5 min leads to a maximum density of 5.15 Mg/m?® while the
maximum density obtained by ordinary sintering at 1240°C for 2 h is only 4.83 Mg/m?®. In this
case, the samples prepared by SPS showed half-sized grains (400 nm) and harder magnetic
properties. The effect of SPS temperature and time on the density and magnetic properties of
SrM ferrites was also significant. A high energy product (BH),__ of 18.3 k]/m® was found for
such strontium hexaferrites [63]. Similarly, the sintering of Ba hexaferrites by SPS has also led
to harder magnetic properties due to the limited grain growth: grains of ~100-150 nm by SPS

vs 1.5-8 um by conventional sintering [64].

SPS is not only useful to consolidate nanopowders, but it also promotes the chemical reaction
of nanoparticles. Thus, SPS has been also used to complete the formation of nanostructured
hexaferrites. SPS treatments were applied to a high-energy ball milled mixture of SrO and
Fe,O, precursors. The formation of 70 nm M-type strontium hexaferrites has been achieved
at only 700°C, under 800 MPa [65]. XRD measurements revealed that such hexagonal fer-
rites crystallize from nucleation sites of Fe Sr,O, that is an intermediate metastable phase
formed at 600°C. In comparison with the simple annealing of the same ball milled precursors
at 800°C, denser SPS treated samples show higher saturation magnetization (67 emu/g vs 58
emu/g) and lower coercivity (3.7 kOe vs 6.4 kOe) (Figure 10(a)) that are interesting features

Figure 9. Ball-milled SrFe ,0,,NPs annealed at different temperatures: (a) 700 and (c) 900°C and their related ceramics

(b and d, respectively) resulting from SPS consolidation. Reprinted with permission from Ref. [63] Copyright (2016)
American Chemical Society.
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Figure 10. Sr-Fe ,O,, prepared by SPS-assisted mecanosynthesis: (a) Hysteresis loops M vs H showing the effect of the
SPS temperature on the magnetic properties and (b) comparison of the saturated magnetization Ms vs 1/H? obtained
after either SPS heating or conventional annealing. Republished with permission from Ref. [65] Copyright 2014, with
permission through Copyright Clearance Center, Inc., Elsevier.

for recording media and electromagnetic fields wave absorption [66]. The linear M vs 1/H?
relationship-well fitted with the Stoner-Wohlfarth model of noninteracting single domains
with uniaxial anisotropy—-indicates that the decrease in coercivity is most likely due to the
grain growth reduction below the single domain limit (Figure 10(b)). This result therefore
contrasts with SPS-induced harder magnetic properties discussed earlier [62, 64], since reduc-
ing the grain growth in a range above or below the single domain limit has opposite effects
on the coercivity.

The SPS-assisted synthesis of barium hexaferrites has also been demonstrated. BaFe,,0,, was
synthesized and sintered by SPS operated at 800°C for 10 min [67]. Interestingly, textured
samples in nanobelt and nanorod microstructures were obtained showing an aspect ratio of
200 nm/several um. Compared to textureless barium hexaferrites, the SPS-induced micro-
structures are characterized by higher Ms (65.5 emu/g) and lower coercivity H (1.4 kOe)
reflecting an easier magnetic domain wall movement and/or a coherent magnetization rota-
tion often observed for uniform microsized multidomains. It also reveals that the ultra-fast
decomposition of BaCO, and Fe(OH), precursors by SPS results in volume shrinkage leading
to an accommodated nanostructure of barium hexaferrite. Furthermore, SPS can also pro-
duce hexaferrite bulk magnets of highly aligned single-magnetic domains without applying
any magnetic field. This has been reported for the SPS compaction of SrFe O,  nanoplatelets
synthesized by supercritical hydrothermal flow method [68]. This effect is attributed to the
highly aligned crystallites of the as-synthesized nanoplatelets together with the oriented crys-
tal growth during SPS along the c-axis. Thus, SPS compacted samples at 950°C under 80 MPa
for 2 min are composed of 80-100 nm nanocrystallites characterized by single-crystal-like
magnetic properties, that is, high coercivity H_(301 kA m™), M_ (69 A m* Kg™), M, (59 A m*
Kg™) and energy product BH (26 k] m?).

As a final note, the SPS heating and pressing not only permits to decrease the crystallization/sin-
tering temperatures of hexaferrites and to tailor their magnetic properties, but it also prevents the
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formation of secondary phases such as a-Fe,O, [68]. On the other hand, the reductive atmosphere
in SPS can lead to hexaferrite decomposition and the subsequent magnetite formation (reduction
of Fe’* to Fe*) [69]. Nevertheless, a recent study has shown that such a Fe,O, secondary phase
can be suppressed by using protecting discs of aluminum oxide between the graphite mold and
the samples [66].

8. Preparation of hybrid multiferroic composites by SPS

Multiferroic materials are commonly understood as those materials exhibiting at least two
ferroic orders (i.e., ferroelectric and ferro- or ferrimagnetic orders) coupled in the same
matrix, leading to a magneto-electric effect (ME), that is, a magnetic field induces a change
in the electric response, or vice-versa. A strong interest has been aroused by such materials
since many high-tech applications can be based on it. While ME effects may exist in a single
phase material, the combination of two phases (i.e., a ferromagnet and a ferroelectric) in the
same matrix (a “hybrid” multiferroic) has many advantages [70]. The ME effect can be tuned
by varying the phase composition and interphase connectivity, which depend directly from
the nanostructure.

The ME effects in hybrid multiferroics can be enhanced by increasing the contact area between
the involved phases [10, 11]. In the case of homogeneously mixed grained composites, an
effective way to do this is retaining the grain growth during the sintering process in order to
keep the final grain size at nanoscale. It will increase the grain boundary surface and therefore
the contact interface between different phases. The SPS technique has been demonstrated to
be a very fast and efficient route to consolidate high-density bulk oxide ceramics, retaining
grain sizes of the sintered materials at the scale of ~100 nm [7, 9, 14]. A very small grain size
means a larger interphase surface and, therefore, a stronger ME coupling.

8.1. Spinel ferrite-based composites

The ferrite (ferromagnetic)/perovskite (ferroelectric) system has been mainly investigated.
Nickel ferrite NiFe,O,/lead zirconate titanate PZT (or NFO/PZT for short) was investigated
by Jiang from laboratory synthesized and commercial submicrometer sized precursors,
respectively [71]. They obtained layered and homogeneously mixed multiferroic composites
with submicrometer sized grains by using sintering temperatures between 900 and 1050°C,
and pressures between 50 and 100 MPa (Figure 11). A certain degree of interphase diffusion
between both phases was reported for this system. Although the last system was found to be
suitable for practical applications because of their good ME properties and high density, the
employment of lead in ceramics and other materials is nowadays discarded by most of the
scientific community because of their impact on the environment.

To solve the lead problem, barium or strontium titanate is used, together with cobalt ferrite.
In fact, the system CFO /BTO,  has been widely researched. Hybrid multiferroics in this
system have been prepared from commercial nanopowder reagents [72], commercial BTO
and autocombustion synthesized CFO [73], at temperatures in the 1050°C range. A reduction
in temperature (860°C) [74] was not enough to eliminate the interphase diffusion. The use
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Figure 11. SEM image of homogeneous NiFe O, (NFO) ferrite/PZT composite revealing the grain size and morphology;
the inset shows the interface between ferrite (NFO) and PZT (adapted from Ref. [71].

of starting NPs synthesized by coprecipitation and ball milling allowed [75] to eliminate the
interdiffusion and improve the ME coupling coefficient.

The use of both initial NPs synthesized by soft chemistry, low temperatures in the 650°C,
higher pressures (100 Mpa) and short sintering times (5 min), producing grain sizes in the
150 nm (see Figure 12), led to high ME coefficients and the absence of interdiffusion [76]. The
use of Impedance Spectroscopy (i.e., the analysis of the electrical response of the material
in a wide frequency range) exhibited three main components which can be associated [77]
with the three corresponding interfaces: BTO-BTO, CFO-CFO, and CFO-BTO. Experiments
as a function of frequency, temperature and applied magnetic field allowed establishing the
polarization processes in the three interfaces.

In another work, Co-substituted Ni-Zn ferrite was synthesized using a nonconventional solid
state reaction method and sintered by SPS at 850°C and 100 MPa [79]. This ferrite was used
to make layered composites by pasting a layer of commercial PZT to the sintered pellet with
silver epoxy. ME performances obtained with an optimized composition of NiCoZn ferrite/
PZT bilayer were compared to those obtained with the same structure combining Terfenol-D
and PZT. It was shown that the low piezomagnetic coupling performance of the ferrite (in
comparison to the Terfenol-D) is balanced by a low compliance. Furthermore, they used
Co-substituted Ni-Zn ferrite associated with PZT in a tri-layer structure to design a ME cur-
rent sensor. This sensor can be readily used in the field of power electronic applications.

Figure 12. SEM micrographs of CFOX/BTO( composites with (a) x = 0.25, (b) x = 0.75 and (c) x = 0.50, sintered at 650°C

and 100 MPa for 5 min [78].

1-x)
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8.2. Other hybrid multiferroic composites

Additional efforts in this area have been reported recently in other type of ferrite-based hybrid
multiferroics sintered by SPS. Bismuth ferrite (BFO) and BTO composites, sintered by SPS at
temperatures around 800°C, and uniaxial pressures of 50 MPa have been prepared [80] from
precursors with an average particle size of 1 um leading to final microstructures with grain
sizes all above 2 um (Figure 13). Strontium hexaferrite and BTO-based hybrid multiferroics
by SPS, starting from nanosized precursors purchased commercially, were investigated [81].
They were fabricated by SPS at a temperature of 900°C, a uniaxial pressure of 75 MPa and a
sintering time of 3 min. These conditions (low T and short time) allowed final microstructures
with grain sizes down to 200 nm and no interphase diffusion.

Figure 13. SEM images of 75% BFO-25%BTO at (a) 30 min mechanochemical synthesis, (b) 48 h of mechanochemical
synthesis, and (c) after SPS sintering at 1000°C. Reprinted from Ref. [80] Copyright (2012), with permission from Elsevier
[80].

8.3. General trends

The general trends in fabrication and characterization of hybrid multiferroics by SPS can be
summarized as follows. It is possible to fabricate new high-density hybrid multiferroics by
SPS, with enhanced dielectric, magnetic, and ME properties. Important variables such as the
interphase diffusion, final microstructure of the sintered composites, as well as the nature and
microstructural features of the starting precursors, all play a crucial role on the design of these
materials. A fine grained high-density microstructure, with homogeneous average grain sizes
down to 100 nm and well-defined grain boundaries, can be produced from soft-chemistry
synthesized NPs. In order to retain the already formed phases of NPs and avoid interphase
diffusion, short time and low temperature sintering is necessary. Sintering temperatures near
to or higher than 1000°C are not recommended because a possible promotion of the inter-
phase diffusion could result in a decrease of the dielectric constant.

9. Conclusions

At present, SPS appears to be the only practical method to produce high-density solids with
grain size in the nanometer range. Additionally, SPS requires relatively lower temperatures
and shorter times for densification compared to conventional sintering. In a very general
way, final density increases with temperature, and grain size increases with time, so there
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is a compromise. The solution can be to use a relatively high sintering temperature, with a
high heating rate. Finally, a problem with oxides can be the strong reductive medium of SPS,
which can lead to reduction to metallic impurities in an oxide. Again, this can be minimized
by means of short sintering times.
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Abstract

Ternary mixture of Cu, Mg, and Ni with the nominal composition of nanocrystalline
Cu, Mg, Ni,, (in at.%) was milled for 25 hours. Analysis of an X-ray diffraction pattern
(XRD) and transmission electron microscopy (TEM) was used to characterize the chemi-
cal phases and microstructure of the final product, which is shown to consist of ternary
alloy of Cu-Mg-Ni with FCC structure along with small amounts of FCC MgO and
Mg, .Cu, .. The good agreement between the size values obtained by XRD and TEM is
attributed to the formation of defect-free grains with no substructure during ball milling.
Dynamic recrystallization may be a possible mechanism for the emergence of such small
grains (<20 nm). The particle size distribution and morphological changes of Cu-Mg-Ni
powders were also analyzed by scanning electron microscopy (SEM). According to the
SEM results, the particle size of the powders decreased with increasing milling time.
Lattice parameter of the Cu-Mg-Ni ternary FCC alloy formed during mechanical alloying
increased with increase in milling time from 3.61 to 3.65 A after 20 hours milling.

Keywords: nanocrystalline powders, Cu-Mg-Ni alloy, mechanical alloying, Rietveld, TEM

1. Introduction

High strength and good electrical and thermal conductivities are the fundamental require-
ments for materials in electrical industries [1]. Copper-based alloys are the optimal mate-
rials for such applications [2]. There are certain methods to fabricate these materials such
as mechanical alloying, vapor deposition, rapid solidification, etc. In mechanical alloying,
materials are obtained in powder form, which can be later compacted to desired shapes and

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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dimensions for practical applications. The advantage of mechanical alloying is the possibility
and easy production of super saturated solid solutions and meta-stable phases that is gener-
ally difficult to obtain from other techniques [3, 4]. Thus, many studies have been devoted to
the production of meta-stable materials that are amorphous, nanocrystalline, and quasicrys-
talline by using mechanical alloying.

Mechanical and physical properties of materials strongly depend on their grains size [5, 6]. A
lot of studies have been carried out to enlighten the relationship between the microstructure
and mechanical and physical properties [7-10]. For this purpose, determination of grain size
is of great importance. Transmission electron microscopy (TEM) investigation, that is based on
direct observations and counting of the grains [11], provides grain size and grain size distribu-
tion, which is closer to the reality. However, due to the ease of X-ray diffraction technique, this
method has been used extensively to determine the size of the coherent domains in nanomateri-
als. Size evaluation using X-ray diffraction pattern (XRD) is based on the broadening of reflec-
tions in diffraction pattern. Usually, there is a large discrepancy between the results obtained
by TEM and XRD [12]. This discrepancy originates from the difference between the type of the
information obtained by XRD and TEM. In fact, the size value obtained by TEM and XRD cor-
responds to grain size and coherently scattering of domain size. Depending on the processing
route, both these values can be near or far from each other. There are several methods to obtain
coherent domain size and microstrain from the X-ray diffraction patterns including Williamson-
Hall, Halder-Wagner, Warren-Averbach, Debye-Scherrer, and Rietveld refinement method [13].
In the present work, the microstructure of the final powder is investigated using transmission
electron microscopy (TEM), Debye-Scherrer equation, and Rietveld refinement of X-ray diffrac-
tion (XRD) patterns. The good agreement obtained between the results of XRD and TEM will
be discussed in terms of the possible microstructural evolutions during mechanical alloying.

2. Experimental

Ternary Cu-Mg-Ni powder alloy with the nominal composition of Cu, Mg Ni  was mechani-
cally alloyed in planetary ball mills (Fritsch Pulverisette 5). The elemental powders of Cu, Mg,
and Ni were accurately weighted to the desired compositions. Powders together with stainless
steel milling balls were charged into a stainless steel vial (125 mL). Ball milling was performed
at room temperature at the rotation speed of 300 rpm with a ball to powder mass ratio (BPR) of
10:1. The powders were mechanical alloyed up to 25 hours. After each 15 minutes of ball milling,
the process was interrupted for 30 minutes in order to cool down the vials. Samples were taken
at suitable milling times to follow the changes of microstructure and phases during ball milling.

Phase transformation during milling was studied using X-ray diffraction (XRD) analysis. For this
purpose, a diffractometer with Co Ko radiation operating at 40 kV was employed. The crystallite
size determination was performed using diffraction pattern obtained by a STOE Stadi P diffrac-
tometer (CuKal radiation) operating at 40 kV in transmission geometry with small instrumental
broadening. The diffraction patterns were recorded using a linear position sensitive detector
with the 20 (diffraction angle) range of 30-130°. TEM investigations of the final product were
performed using a Phillips CM-20 transmission electron microscope operating at 200 kV.
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3. Results and discussion

Figure 1 shows the X-ray diffraction patterns of Cu, Mg, Ni,. powder at different milling
times using X-ray source wavelength = 0.154056 nm. The reflections corresponding to the
starting materials Cu, Mg, and Ni are broadened and fade away only after 5 hours of mill-
ing as shown in Figure 1(a). The elemental Cu peaks decrease more rapidly than Ni peaks,
indicating faster grain size refinement in the Cu powders. Similar observation is reported by
Gogebakan et al. for the Al ,Cu, Fe . [14]. The main reflections of Ni and Cu become closer to
each other and form a single broad reflection in the 20 range of 45-55°. This happens due to
the fact that mechanical alloying pumps the atoms of the existing elements into the lattice of
each other, leading to the opposite shift in the peak positions of Ni and Cu. As a result, initial
crystals are also heavily strained that leads to the broadening of the reflections. On the other
hand, grain refinement occurs during ball milling that causes the additional broadening of
the reflections. A rough modeling of the XRD pattern using Rietveld analysis for 5 hours of
milling showed that the observed broad peak for Cu, Mg Ni,. can be attributed to the (111)
reflection of an FCC structure (in this case Cu-based solid solution) with coherently scattering
domain.

On further milling, the broad reflection became sharper and the other reflections of lower
intensity appeared. As shown in Figure 1(b), finally after 25 hours of milling, the structure is
composed of a Cu-based FCC structure along with a minor amount of MgO and Mg, .Cu, .
intermetallic. They are marked by symbols in Figure 1(b).

X-ray diffraction pattern of the final powder (milled for 25 hours) was modeled using Rietveld
refinement. A good agreement was obtained between the experimental and calculated pat-
terns as shown in Figure 2. Only the effects of size and strain were considered during the
refinement with no special corrections for the effect of planar lattice defects as well as strain
anisotropy. The size values obtained for the Cu-based FCC solid solution, Mg ..Cu, . inter-
metallic, and MgO are 10, 10, and 15 nm, respectively.
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Figure 1. XRD patterns of Cu, Mg, Ni, alloy after different milling time; (a) 1-5 hours, (b) 10-25 hours.
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Figure 2. Rietveld refinement for XRD patterns of Cu, Mg, Ni,. powders after 25 hours of milling time.

The crystallite size evolution of the Cu, Mg, Ni . powder alloy as a function of milling time is
presented in Figure 3. The variation of crystallite size of the powder alloy was estimated by
broadening of XRD peaks using Debye-Scherrer equation [15]

0914 1)

D= B cosf

where D is the average crystallite size, 1 is the wave length of using X-ray, B is the full width
(in radians) at half maximum intensity, and o is the diffraction Bragg angle.

As seen in Figure 3, the crystallite size of the ternary FCC Cu-Mg-Ni alloy is found to decrease
initially with increase in milling time approaching near saturation after 10 hours of milling. It
was calculated to be about 30, 18.5, 19, and 17 nm after 5, 10, 15, and 20 hours milling, respec-
tively, and reached a steady-state value of about 17 nm after 25 hours of milling.

The morphological changes of the Cu, Mg, Ni,, alloy during mechanical alloying are evident
from SEM micrographs, which are shown in inset in Figure 3. From SEM micrographs, it can
be seen clearly that the unmilled powders have different shapes and particle sizes. The Cu
and Mg powder particles are of irregular shapes with an average size in the range of 50-150
um. The Ni powder is a spherical morphology with size in the range of 20-60 um. After 5
hours of milling, the powder particles of Cu-Mg-Ni alloy became nearly spherical shaped
with an average size in the range of 10-30 pm. On further milling (10 hours milling), the
homogeneity of the Cu, Mg, Ni,. alloy increased and its particle size decreased up to 5 pm.
For the higher milling time up to 25 hours, the formation of submicrometer particles was
observed. Therefore, the average particle size was obviously determined below 5 pum.
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Figure 3. Crystal size of mechanically alloyed Cu, Mg, Ni,, powders as a function of milling time and the insets: SEM
micrographs of the powder particles after 0, 5, 10, and 25 hours of milling times.

The sample after 25 hours of milling was also investigated using transmission electron micros-
copy (TEM). Typical dark-field (DF) images are shown in Figure 4(a and b). According to the
TEM micrographs, the structure consists of nanocrystalline grains with the size of around 20
nm. Figure 4(c) illustrates the corresponding grain size distribution obtained using several
DF images in order to have sufficient statistics (more than 240 grains). The obtained grain size
distribution was fitted to the log-normal distribution function to calculate the mean average
grain size. With the median m and the variance o of the log-normal distribution function, the
average grain sizes can be obtained according to the Eq. (2):

(x;) = mexp(k 0?) (2)

With the k values of 0.5, 2.5, and 3.5 will give the arithmetic, area-weighted, and volume-weighted
average grain size, respectively [16]. In order to compare with the results obtained by Rietveld
refinement of XRD patterns and Debye-Scherrer equation, volume-weighed grain size was cal-
culated to be 20 nm. This is in a good agreement with the values of 10 and 17.4 nm obtained by
Rietveld refinement of XRD patterns and Debye-Scherrer equation, respectively. These results
agree with a previous study which reported the production of similar compositions of Cu-Mg-Ni
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Figure 4. Dark field TEM micrographs of Cu, Mg, Ni,. powders milled for (a), (b) 25 hours, and (c) the corresponding
grain size distribution with the solid line as the fit to the log-normal distribution.

powders by the mechanical alloying, although the starting compositions were different being
Cu, Mg, Ni, and Cu, Mg, Ni, [17].

Size calculations by TEM and XRD have been reported in many different systems, many often
showing a large discrepancy between the size values obtained by TEM and XRD. Accordingly,
the large discrepancy is due to the hierarchy of the deformed structure, details of which can
be found elsewhere [16, 18]. This originates from the type of the information obtained by
XRD and TEM, which are coherently scattering domain size (the smallest unfaulted peace of
a crystal [19]) and grain size, respectively. Another reason giving rise to the discrepancy is the
miscalculation of the coherent domain size by XRD that is due to the elastic anisotropy of the
investigated materials [19]. The consequence of the presence of elastic anisotropy is that the
strain broadening is not anymore a monotonous function of diffraction angle (20). New mod-
els have been developed in order to consider the effect of elastic anisotropy with the assump-
tion that most of the strain originates from the presence of dislocations and the introduction of
the concept of dislocation contrast factors [20, 21]. The effect of planar faults is also included
in these models [20, 21]. The size values by XRD in this work are obtained without any special
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considerations about elastic anisotropy or the presence of planar faults. However, there is a
good agreement between the two values. A possible explanation is that the FCC solid solution
formed during milling does not have a considerable substructure inside grains. According to
diffraction patterns (Figure 1(b)), the reflections related to the FCC solid solution do not exist
before 10 hours of ball milling. They emerge after 10 hours and their intensity increases by
further milling. This suggests that they may form by some dynamic processes like dynamic
recrystallization of defect-free small grains within the heavily strained matrix. The observa-
tion that the reflections do not exist before 10 hours of milling and amount of that increases by
further milling, strengthens the idea of recrystallization. As a result, the structure is composed
of nanosized grains with no substructure. It is also clear from the TEM micrographs of the final
sample. The uniform diffraction of the electron beam by grains implies that they are substruc-
ture-free. The two size values obtained by XRD and TEM are in a good agreement because
XRD gives the size of the substructure and that the grains do not contain any substructure.

Figure 5 shows lattice parameters of Cu-based FCC solid solution phase for Cu, Mg, Ni,_ alloy
that had been mechanically alloyed for various milling times. As it is seen in Figure 5, the lattice
parameters increase with increasing milling time. The increase of lattice parameter with milling
time may be attributed to the effect of dissolving of bigger Mg atoms into Cu. It can be seen that
the variation is sharp at the initial stage, however, after 15 hours milling it reaches a constant
value. This indicates that the dissolution of Mg into Cu is fully completed. On the other hand,
the effect of Ni to lattice parameter is very low because the atomic radii of Cu (0.128 nm) and Ni
(0.125 nm) are close to each other. This provides a likely explanation of why the lattice parameter
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Figure 5. Lattice parameters of Cu-based FCC solid solution phase as a function of milling time. The line through the
data points is a visual guide.
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of Cu-based FCC solid solution phase increases from 3.61 to 3.65 A during different stages of
milling from 0 to 25 hours. For comparison, the lattice constant of MgO phase is 4.211 A.

4. Conclusions

In this study, the nature of the phases formed and their particle sizes have been reported when
the starting ternary mixture of Cu:Mg:Ni in the ratio of 50:25:25 is ball-milled for 25 hours.
After 25 hours milling time, nanostructured Cu-based solid solution containing Cu, Mg, and
Ni with FCC structure along with smaller quantities of FCC Mg, ..Cu, . and FCC MgO phases
is formed. The crystallite size of this alloy was calculated by Debye-Scherrer and Rietveld
Refinement methods using XRD data. In order to confirm the crystallite size obtained by XRD,
the microstructure of the final powder was also monitored by TEM. The size value obtained
by the TEM was determined to be 20 nm, which is in a good agreement with values deter-
mined from the analysis of the XRD pattern. This agreement is attributed to the formation of
defect-free grains with no substructure during ball milling. It may be a possible mechanism of
dynamic recrystallization for the emergence of such small grains (<20 nm). The morphology
and particle size distribution of the Cu, Mg, .Ni,. alloy have been changed during mechani-
cal alloying. The elemental powders, which have different shapes in the initial stage, became
nearly rounded and the homogeneity increased with increasing milling time. The average
particle size of the final product was determined to be below 5 um. The remaining unresolved
issues are the exact atomic concentrations of Cu, Mg, and Ni in the ternary alloy formed in this
process here and in earlier studies reported in Ref. [17] and the nature of the phase diagram of
the Cu, Mg, Ni system. These issues will be investigated in future studies.
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Abstract

The aim of this work is to study physical and chemical properties of nanostructured
multi-layered composite coating based on three-layered architecture, deposited to a
carbide substrate, as well as to study the mechanism of wear and failure of coated car-
bide tools under the conditions of stationary cutting. The coating were obtained by the
method of filtered cathodic vacuum arc deposition (FCVAD). Here, the microstructure of
coating as well as its hardness, strength of the adhesive bond to the substrate, chemical
composition and phase composition were investigated on a transverse cross-section of
experimental samples. The studies of cutting properties of the carbide inserts with devel-
oped coatings was conducted on a lathe in longitudinal turning of steel C45 (HB 200). The
analysis of mechanisms of wear and failure of coated tool was carried out, including the
processes of diffusion and oxidation in the surface layers of the coated substrate. Tools
with harder and less ductile coatings showed less steady kinetics of wear, characterized
by sharp intensification of wear and failure in transition from “steady” to drastic wear,
i.e., at the end of the tool life. The X-ray microanalysis showed a considerable increase in
oxygen content in the transverse cracks in the coating.

Keywords: nanostructured multilayer composite coatings, tool life, carbide cutting tool,
crack formation, filtered cathodic vacuum arc deposition

1. Introduction

The efficiency of the cutting tool is a function of the complex processes of contact interaction
between the tool material and the material being machined. This efficiency is determined by
various factors, including: (i) the crystal-chemical, thermal-physical, and mechanical properties

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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of the material being machined and the tool material. Depending on the conditions of their con-
tact, for example, dry cutting, cutting with CF (define CF) and type of machining operation, the
level of thermomechanical loading on the cutting part of the tool may be influenced; and (ii) the
geometrical dimensions of the cutting part of the tool, machining conditions, and the kinemat-
ics of motion of interacting tool and workpiece surfaces.

In accordance with the above, during the cutting process, the contact areas of the coated tool
are exposed to a combination of factors that trigger their wear and fracture. Such factors usu-
ally include (i) an abrasive effect between the material being machined and the coated tool
material; (ii) adhesive and adhesive-fatigue processes at the boundaries of the contact between
the coated tool material and the material being machined, resulting in “ultimate fatigue” of
local volumes, the tool material coating, the formation of cross cracks from fatigue, delamina-
tion, and finally the removal of fractured fragments of coating and damaged volumes of tool
material (substrate) with trailing chips; (iii) macro- and microchips, as well as brittle fracture
of local volumes of the tool material coating, resulting from exposure to pulsed shock loads;
(iv) fracture of macrovolumes of the tool material and the material being machined as a result
of the combined effect of alternating mechanical and thermal stresses; (v) corrosion and oxi-
dation processes; and (vi) diffusion interaction between the tool material and the material
being machined.

Depending on the cutting conditions, the above factors may become either dominant or play
a secondary role. Until recently, many of the factors with strong influences on the wear and
failure of coated tools were not well known. Therefore, a brief analysis of the publications
devoted to research of mechanisms of wear/fatigue processes of cutting tools with complex
composite coatings, formed with the use of the vacuum-arc technologies (arc-PVD), is pre-
sented below.

Harry et al. [1] studied the mechanism of cracking in tungsten-carbon-based multilayered
coatings. The analysis of cracking probability showed a significant effect of the number
and thickness of the elementary layers on the fracture resistance of the multilayered coat-
ings. Mo et al. [2] and Birol [3] presented studies of coatings based on CrN, AICrN, and
AITiN. Impact wear tests were performed to investigate the impact resistance of the coat-
ings. There was no visible crack formation for all three coatings during the impact tests.
The AICrN coating exhibited the best impact wear performance. Nohava et al. [4] stud-
ied the properties of AITINAICrN, AICrON, and o&—(AI,Cr)zo3 coatings. The main wear
mechanisms at high temperature were oxidative attack accompanied by gradual material
removal. Aihua et al. [5] studied the properties of the coatings TiN, TiAIN, AITiN, and
CrAIN. The wear mechanism of TiAIN was a combination of abrasive wear, oxidation,
partial fracture, and microgroove formation. The AITiN coating was worn by plowing and
mechanical-dominated wear, and the damage was caused via a brittle failure mechanism.
CrAIN coating presented the best properties of antispalling and antiadhesion. Antonov
et al. [6] focused on the properties of gradient and multilayer coatings (AITiN-5i,N,
and also TiN, TiCN, TiAIN, AITiN). Erosive, abrasive, and impact wear tests were con-
ducted. Henry et al. [7] studied the properties of six titanium aluminum nitrides Ti, Al N
(0 <x <1). Ti-rich and Al-rich films present two different wear mechanisms related to their
toughness values.
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To study the properties of coatings, a number of the papers used the method of nanoimpact
testing. In particular, in the paper prepared by Beake et al. [8], this method was used to study
the coatings Ti,_ Al N (x = 0.5 and 0.67). Skordaris et al. [9] studied multilayer TiAIN coatings
with an Al/Ti ratio of 54/46. The coatings consisted of one, two, or four layers. Beake et al. [10]
studied wear performance of end mill tools with AICrN monolayer and AICrN-TiAIN bilayer
coatings. The impact fatigue fracture resistance of the AICrN monolayer coating was lower
than AITiN and AICrN-TiAIN bilayers (by nanoimpact test). In Ning et al. [11], a number of
nanomultilayered TiAICrN/M_N coatings (where M_ are transition metals such as Nb, Ta,
Cr, W) and monolayer TiAlCrN coatings were tested during dry, high-speed end milling
of hardened AISI H13 (HRC 55-57). The dominant wear mechanism for the worn coating
zones was abrasion wear. The studies presented by Fox-Rabinovich et al. [12] were focused
on the properties of the coatings on the basis of systems TiAICrN, TiAICrN/TaN, TiAICrN/
CrN, TiAICrN/WN, and TiAlCrN/NbN nanomultilayered coatings. In another study, Fox-
Rabinovich et al. [13] studied the properties of AITiN and TiAICrN PVD coatings. According
to the authors [12], in many cases, the hardness of coatings can be a marginal property where
the major properties are the plasticity and impact fatigue fracture resistance; a surface with
these characteristics is able to dissipate energy by means of plastic deformation and thus sur-
face damage and wear rate are reduced.

The wear propagation of a TIAIN coating during the impact test at temperatures up to 400°C
was monitored by Erkens et al. [14] in terms of the coating fracture ratio (FR) versus the
applied impact force. Beake and Fox-Rabinovich [15] applied high-temperature nanomechan-
ical testing to the study of PVD coatings (AITiCrSiYN, AITiCrN, AITiN, AICrN, among oth-
ers), to help explain why certain coating compositions work well in some applications, but not
others. The hard-to-cut materials were being machined during high-speed machining tests. A
recently developed multilayer coating, AITiCrSiYN-AITiCrN, with a combination of mechan-
ical properties and microstructure can minimize crack formation and dissipate energy by
crack deflection along interfaces. The studies were also focused on different mechanical prop-
erties of coatings such as (Ti, Cr, Al, Si)N [16], (AL Cr,Ta,Ti,Zr)N [17], (ALSi, Ti)N [18], Ti-TiN-
(TiCrAIN [19, 20], Zr-(Zr,Cr)N-CrN and Ti-TiN-(Ti,Cr,AI)N [21], and Ti-(AlCr)N-(TiAl)N,
Ti-(AICr)N-(TiCrAl)N, and Zr-(AICr)N-(ZrCrAI)N [22].

The review prepared by Bouzakis et al. [23] presents a detailed overview of the available
methods to control basic properties of wear-resistant coatings, including control over crack
resistance. It should be noted that cracking of the coatings has a decisive influence on failure
mechanism and performance of the cutting tool. Meanwhile, only a small number of papers
are focused on the study of cracking in the coatings and their influence on performance of
the tool. In particular, Tabakov et al. [24, 25] discuss the cracking mechanisms with regard
to monolayered macrosize coatings on the basis of systems TiN, TiCN, (Ti,Zr)N, and (Ti,Zr)
CN. It was found that the coatings of complex composition of (Ti,Zr)N and (Ti,Zr)CN types
better resisted intense cracking in the coating material. Tabakov et al. also studied the multi-
layered coatings with macrosize structure, in particular, on the basis of systems TiCN-(Ti,Zr)
N-TiN, TiN-(Ti,Zr)N-TiN, TiCN-(Ti,AI)N-TiN, and TiCN-(Ti,Mo)N-TiN [26]. The conducted
studies have revealed that the introduction of zirconium nitride in the coating composition
sufficiently reduced the tendency of cracking. These data were obtained from the study
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of wear mechanisms of coated tool in milling of different materials under different condi-
tions of cutting. The problems of cracking and brittle fracture of coatings Ti-TiN-(TiCrAl)N,
Zr-(Zr,Cr)N-CrN and Ti-TiN-(Ti,Cr,A)N; Ti-(AlCr)N-(TiAl)N, Ti-(AlCr)N-(TiCrAl)N, and
Zr-(AlCr)N-(ZrCrAl)N were also discussed elsewhere [27-29].

The actual area of the surfaces of the material being machined and the tool material (including
coated tool) in contact during the cutting process is less than their nominal contact area, which
is predetermined by contact of vertical deviations of roughness. In the areas of actual contact,
local specific pressure reaches a value at which plastic flow of metal occurs and thus the adhe-
sion between the contacting materials dramatically increases. The initiation and failure of the
adhesive bond bridging occur at high frequency of up to several thousand of failure per min-
ute [30]. It is found out that the sizes of some adhesive spots vary from several micrometers
up to several hundredths of a millimeter, and the actual contact area can reach 10-60% of the
nominal contact area, while on a meter of cutting path, each contact point is exposed to shear
stresses. Thus, this process determines the alternating loading of contact areas on front and
flank faces of the tool and adhesive-fatigue nature of their macro- and microfracture (wear).

Tool materials are anisotropic and have various defects (inhomogeneity of structure, pres-
ence of pores, cracks, uneven distribution of residual stresses, inhomogeneity of chemical
composition, etc.). Consequently, during the cutting process, along with the cut and separa-
tion of the material being machined, separation of fragments of the tool material particles also
occurs. This separation is intensified as a result of the fatigue processes mentioned above and
is defined as adhesive and adhesive-fatigue wear.

The most effective way to reduce these types of tool wear is to improve physical and mechani-
cal properties of the tool material and, above all, its hardness by deposition of wear-resistant
coatings. Furthermore, coatings with less physical and chemical affinities with respect to
the materials being machined reduce the intensity of adhesion processes and significantly
increase the wear of tool contact areas.

In an explanation of wear by the theory of adhesive-fatigue process, the separation of frag-
ments from harder tool metal occurs, like in adhesive wear, because of presence of cracks.
Cracks are formed because of the influence of two key factors: (i) repetitive mechanical
stresses of a cyclical nature; and (ii) thermal stresses in the tool material characterized by dif-
ferent value depending on the distance from the surface of the tool contact areas. At periodic
strain and compression of the upper layers of the tool material caused by mechanical or ther-
mal influence, fatigue microcracks appear; further development then results in the growth
and coalescence of microcracks, which causes separation of the fragment of the tool material
and its subsequent failure.

The foregoing assumptions related to mechanisms of tool wear can serve as the basis for the
formation of following requirements for coatings for cutting tools: (i) coating for a cutting tool
should be structured in such a way that they form residual compressive stresses, which may
act as a barrier for crack growth; (ii) coatings should have a multilayered structure so that
their boundaries serve as additional barriers to crack growth; and (iii) the processes of for-
mation of the coatings should contribute to formation of nanoscale grains and thicknesses of
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coating sublayers, creating an optimum combination of high hardness and thermal resistance
at sufficiently high fracture toughness.

2. Materials and methods

For the deposition of nanostructured carbide insert (CI) Scanning electron microscope (SEM)
multilayered composite coatings (NMCC), a vacuum-arc VIT-2 unit was used, which was
designed for the synthesis of coatings on substrates of various tool materials. The unit was
equipped with an arc evaporator with a filtration of vapor-ion flow, which in this study was
named as filtered cathodic vacuum arc deposition (FCVAD) [16-19] and was used for depo-
sition of coatings on tool in order to significantly reduce the formation of the droplet phase
during the formation of coating. The use of FCVAD process does not cause structural changes
in carbide. Also it provides (i) high adhesive strength of the coating in relation to the carbide
substrate; (ii) control of the level of the “healing” of energy impact on surface defects in carbide
in the form of microcracks and micropores and formation of favorable residual compressive
stresses in the surface layers of the carbide material; and (iii) formation of the nanoscale struc-
ture of the deposited coating layers (grain size, sublayer thickness) with high density due to
the energy supplied to the deposited condensate and transformation of the kinetic energy of
the bombarding ions into thermal energy in local surface volumes of carbide material at an
extremely high rate of about 10" K s™.

When choosing the composition of NMCC layers, forming the coating of three-layered archi-
tecture, the Hume-Rothery rule was used, which states that the difference in atomic dimen-
sions in contacting compounds should not exceed 20% [31]. The parameters used at each stage
of the deposition process of NMCC are shown in Table 1. An uncoated carbide tool and a
carbide tool with “reference” coating TiN, deposited through the use of standard vacuum-arc
technology of arc-PVD, were used as objects for comparative studies of tool life.

For microstructural studies of samples of carbide with coatings, a raster electron microscope
FEI Quanta 600 FEG was used. The studies of chemical composition were conducted with the

Process py (Pa) u(v) 1, (A) Ly (B I, (A) I, (A)
Pumping and heating of 0.06 +20 120 80 65 75
vacuum chamber

Heating and cleaning of 2.0 100 DC/900 AC 80 - - -
products with gaseous plasma f=10kHz, 2:1

Deposition of coating 0.36 -800 DC 160 75 55 70
Cooling of products 0.06 - - - - -

I, = current of titanium cathode, I, = current of aluminum cathode, I, , = current of zirconium-niobium cathode,
I, = current of chromium cathode, p, = gas pressure in chamber, U = voltage on substrate.

Table 1. Parameters of stages of the technological process of deposition of NMCC.
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use of the same raster electron microscope. To perform X-ray microanalysis, the study used
characteristic X-ray emissions resulting from electron bombardment of a sample.

The hardness (HV) of coatings was determined by measuring the indentation at low loads
according to the method of Oliver and Pharr [32], which was carried out on micro-indent-
ometer Micro-Hardness Tester (CSM Instruments) at a fixed load of 300 mN. The penetration
depth of the indenter was monitored so that it did not exceed 10-20% of the coating thickness
to limit the influence of the substrate.

The adhesion characteristics were studied on a Nanovea scratch-tester, which represents a
diamond cone with apex angle of 120° and radius of top curvature of 100 um. The tests were
carried out with the load linearly increasing from 0.05 to 40 N. Crack length was 5 mm. Each
sample was subjected to three trials. The obtained curves were used to determine two param-
eters: the first critical load, L ., at which first cracks appeared in coating and the second critical

4 C]/
load, L_.,, which caused the total failure of coating.

c2
The studies of cutting properties of the tool made of different grades of carbide with developed
NMCC were conducted on a lathe CU 500 MRD in longitudinal turning of steel C45 (HB 200).
The study used cutters with mechanical fastening of inserts made of carbide (WC + 15%
TiC + 6% Co) with square shape (SNUN ISO 1832:2012) and with the following figures of the
geometric parameters of the cutting part: y = -8°% a = 6° K =45% A = 0; R = 0.8 mm. The study
was carried out at the following cutting modes: f=0.2 mm/rev; a_=1.0 mm; and v =250 m/min.
Flank wear-land values (VB ) were measured with toolmaker’s microscope MBS-10 as the arith-
metic mean of four to five tests and a value of VB_=0.45-0.5 mm was taken as failure criteria.

3. Results and discussion

3.1. Determination of basic properties of NMCC under study

The study was focused on the NMCC containing nitrides of Ti, Al, Cr, Zr, and Nb in its com-
position. For the detailed studies of various properties, NMCC were selected based on the
following conditions: (i) if earlier studies showed a significant increase in cutting properties
and reliability of the tool [19-22, 27-29] and (ii) if the thermodynamic criterion AG_(Gibbs free
energy change per mole of reaction) favored the formation of the NMCC.

In order to meet the research tasks, NMCC of various compositions were selected to meet the
above conditions. NMCC Cr-CrN-(TiCrAl)N, Zr-ZrN-(NbZrTiAl)N, Zr-ZrN-(ZrCrAl)N, and
Ti-TiN-(ZrNbTi) were deposited using the FCVAD technology. The thicknesses of the coat-
ings used in the studies were 2.44-3.55 um, and a wide range of thicknesses were selected
to study the effect of coating thickness on the nature of cracking. The basic properties of the
NMCC under study are presented in Table 2. Curves obtained by mathematical processing of
the experimental data are shown in Figure 1.

It was found out that for longitudinal turning of steel under preset cutting conditions, the car-
bide tools with the NMCC under study had fairly close values of tool life of about 31-37 min,
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# Composition of Tool life Sublayer Total thickness Adhesion, ., N  Hardness, HV,
NMCC T, (min) thickness (nm) (um) GPa
VB =0.4 mm
1 Uncoated 8 - - - 18
2 TiN 18 - 2.85 31 30
3 Cr-CrN-(TiCrAl)N 31 30-45 2.75 >40 38
4 Ti-TiN-(NbZrTiAl)N 35 45-60 3.30 >40 34
5 Zr-ZrN-(ZrCrAl)N 37 15-45 244 39 36
6 Ti-TiN-(ZrNbTi) 38 55-75 3.55 32 35

Table 2. The basic properties of the NMCC.
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Figure 1. Dependence of wear VB on cutting time at dry turning of steel C45ata =1.0 mm; f=0.2 mm/rev; v_=250 m min™".
1—Uncoated; 2—TiN; 3—Cr-CrN-(TiCrAl)N; 4 — Zr-ZrN—~(NbZrTiAl)N; 5—Zr-ZrN-(ZrCrAl)N; 6 —Ti-TiN-(ZrNbTi).

while the nature of wear of the carbide tools with the different NMCCs under study had sig-
nificant differences. In particular, NMCC Zr-ZrN-(ZrCrAl)N provided the greatest increase in
tool life, reaching 37 min at stable kinetics of wear on the stages of running-in, steady, and cat-
astrophic wear (see Figure 1). Almost the same stable kinetics of wear was shown by tools with
NMCC Zr-ZrN-(NbZrTiAl)N, which had slightly shorter tool life of 35 min (see Figure 1).
The tools with NMCC Ti-TiN-(ZrNbTi) also showed a long tool life of 38 min. Meanwhile,
the tests showed less uniform kinetics of tool wear, which had the following specifics. It was
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shown that, if during 25 min of cutting (running-in and steady stages of wear) the tool wear
rate of tool with NMCC Zr-ZrN-(NbZrTiAl) was lower than for the tool with NMCC Zr-ZrN-
(ZrCrAl)N and Ti-TiN-(ZrNbTi), then after 25 min of cutting the wear of the tool with NMCC
Zr-ZrN—(NbZrTiAl)N was sharply intensified (see Figure 1). The tool with NMCC Cr-CrN-
(TiCrAI)N had the shortest tool life among the group of tools under study, for which 31 min of
fairly uniform wear was followed by obvious intensification of wear of the tool.

3.2. Study of mechanism of adhesive-fatigue wear of carbide tool with developed NMCC

During the research of the mechanism of adhesion-fatigue wear of the carbide tool with
developed NMCC, special attention was paid to the study of cracking. It was found out that
the cracks under study usually had a width of several nm to 1 pm, so it is not possible to visu-
ally detect such cracks on the working surfaces of the tool by standard optical instruments.
Therefore, such microcracks were detected and studied on cross-cut sections with the use of a
SEM. Three main types of formed cracks were identified: (i) cross cracks; (ii) cross cracks com-
bined with longitudinal cracks (delamination), including transformation of cross cracks into
longitudinal ones, resulting in stop of crack growth; and (iii) longitudinal cracks (delamina-
tion). It is found out that the mechanism of formation and growth (branching) of cross cracks
usually includes three to four basic stages (Figure 2):

g
o
F
s
|
i

Figure 2. Stages of formation of a cross crack in multilayered nanostructured coatings: (a) initiation of a crack, (b) crack
growth throughout the thickness of the coating, (c) “crack opening,” (d) penetration into the crack of a fragment of the
material being machined, resulting in “wedging” and increasing the width of the crack by up to 1 pum.
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¢ Stage “a” is characterized by initiation of microcracks (see Figure 2a) caused by bending
(usually alternating) mechanical and thermal stresses. An important role in initiation of a
crack may be played by such concentrators of stresses as micro-drops (both embedded in
the coating structure and superficial ones) (see Figure 3a), surface coating defects (craters,
rough spots, etc.), inhomogeneity of mechanical properties of the coating, etc.

* Stage “b” is characterized by the growth of cracks, which can be inhibited by various ob-
stacles, including: “bridging” of particles of more ductile phase, embedded in brittle phase;
phase transformations of thermal nature or occurring as a result of plastic deformation in
the development of crack tip; change in the direction of crack formation during passage of
grain boundary [33].

* On the “c” stage, there is implementation of cracks in the carbide substrate, as well as its
“disclosure”

¢ Stage “d” (typical only for a certain type of cracks) is characterized by penetration of par-
ticles into a crack of the material being machined (triggered by high temperatures and
contact stresses resulting in thermoplastic deformation and yielding of the material), which
has a “wedging” effect and stimulates further growth of the crack (see Figure 4). The stud-
ied crack development stage may cause separation of a fragment of coating or coated sub-
strate (Figure 5). The examples of different cross cracks at different stages of development
are shown in Figures 3 and 4.

The mechanism of wear of rake face of CI with NMCC Ti-TiN-(ZrNbTi)N has of complicated
nature (see Figure 5). In particular, at the first stage of the wear process on rake face, the
wear-fatigue processes with high frequency of oscillation of contact stresses prevail, and they
considerably exceed the stresses acting on flank face of the tool and this results in weakening
of local volumes of carbide material. The second stage marks the intensive weakening of local
near-surface sections of rake face of CI in the area of crater formation and intensification of the
processes of abrasive wear (Figure 5).

Figure 3. A microdroplet embedded into the structure of NMCC Cr-CrN-TiCrAlN as a factor, causing formation of a
crack (a) and development of a cross crack in the coating TiN (b) [34].
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Figure 4. Example of formation of cross cracks in NMCC Cr-CrN-TiCrAIN (with crack thickness of 20-150 nm) [34].

Figure 5. Specifics of wear and failure of NMCC Ti-TiN-(ZrNbTi) on rake face area between the cutting edge and the
wear crater [33].

The data presented in Figure 5 indicate the formation of through and dead-end cracks (1-3),
as well as the presence of micro-droplets of cathode material, penetrating in the structure
of the coating (1, 2), which contribute to the intensification of tool wear. The area of intense
failure of the coating directly adjacent to the tool cutting edge can be characterized by mecha-
nisms of abrasive and adhesion-fatigue wear, which result in active cracking.

Separation of a fragment of coated carbide substrate, occurring because of the final stage of
the development of a cross crack is often accompanied by sufficient extensional chipping of
the carbide substrate with locking in this area of a build-up of the material being machined
(Figure 6). Such cracks can be formed in hard, but not sufficiently ductile NMCC, making it
prone to brittle fracture. The maximum number of the formed cross-cracks was observed in
NMCC Ti-TiAIN-TiAIN and Cr-CrN-TiCrAIN. The nature of such cracks was almost identical
to the one usually observed for cracking of solid single-layered coatings of simple composi-
tion and architecture (for example, for coating TiN (see Figure 3b)).

In the formation of cross cracks in combination with longitudinal ones, three stages of crack
development can be observed as follows (Figure 7). First, a longitudinal crack (separation) is
formed between two fairly closely located longitudinal cracks that typically result in a separa-
tion of sufficiently large fragment of the coating (Figure 8). Next, the development of a cross
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Figure 6. Examples of failure of coating and substrate because of breaking along the formed longitudinal crack. NMCC
Cr-CrN-TiCrAlN (a, b); Zr-ZrN-(NbZrTiAI)N (c, d) [34].

crack is inhibited by its transformation into a longitudinal crack (delamination), which ceases
its further development (Figure 9b, c). Finally, the growth of cross cracks that are periodically
transformation into a longitudinal crack (delaminations) (Figure 9a), which is caused mainly
by loss of their development energy.

It is noted that longitudinal cracks (delamination) (Figure 10) may occur in connection with
violation of adhesive and cohesive bonds between layers and sublayers of the coating and
in connection with the presence in the coating structure of different defects, resulting in the
concentration of stresses (for example, micro-droplets (Figure 11), pores, failed “bridging” of
adhesive bonds). The development of longitudinal cracks may result in the initiation of quite
extensive internal delaminations without reaching the surface of the coating (this option is
more favorable for tool life) and in output the cracks of the coating surface (Figure 12) with
quite intensive subsequent damage of the coating and removal of the fragments of damaged
NMCC by cut chips. The nanoscale layers of more ductile phase inhibit the development of
cracks (Figure 12b) through formation of crack bridging.

To perform X-ray microanalysis using characteristic X-rays, emitted by the sample as a result
of electron bombardment. The studies were conducted using a scanning electron microscope
FEI Quanta 600 FEG. Following the analysis of the data presented in Figures 13 and 14, it is
possible to note that the pattern of change in the content of the main chemical elements (N,
O, Zr, Nb, Ti, W) in NMCC Ti-TiN-(ZrNbTi) relates to a significant growth of oxygen content
and reduction of nitrogen content in the areas of through cracks in zones 1-3 (see Figure 5).
Meanwhile, the increase in oxygen content and reduction in nitrogen content in the zones
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Manoscale

Figure 7. Stages of formation of a cross crack, transforming into a longitudinal crack (delamination) in multilayered
nanostructured coating: (a) initiation of a crack, (b) transformation of a cross crack into a longitudinal crack
(delamination); (c) creation of a through longitudinal crack between two cross cracks; (d) a tear-out or chipping of a
coating segment between two cross cracks.

Figure 8. Chipping of coating fragments as a consequence of the formation of longitudinal cracks (delamination)
between two cross cracks on the example of NMCC Zr-ZrN-(ZrCrAl)N [34].

through cracks is more noticeable for cracks located close to cutting edge of CI and coating
failure zone. The increased oxygen content and reduced nitrogen content are also observed
in the coating areas with a high content of microdroplets composed predominantly of a-Ti.
Moreover, these processes are more visible for zones with the presence of larger microdroplets
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Figure 9. Transformation of cross cracks into longitudinal cracks (delamination) in NMCC Zr-ZrN-(ZrCrAl)N: partial
transformation with continuous development of a cross crack (a) and complete transformation with stop of the growth
of a cross crack (b, c) [34].

Figure 10. Stages of formation of a cross crack (delamination) in multilayered nanostructured coating: (a) initiation of a
crack, (b) development of a crack.

(zone 1, see Figure 5). In zone I, associated with active cracking and failure of the coating, it is
also possible to note growth of oxygen content and reduction of nitrogen content. Meanwhile,
for the NMCC zones containing dead-end microcracks, slight change in the content of nitro-
gen and oxygen was observed.

The results of the analysis allow noting the partial dissociation of complex nitrides of NMCC
and intensification of oxidative processes. Following the analysis of the data obtained, it is
possible to note the following. The revealed sharp increase in oxygen content with significant
reduction of nitrogen content indicates a high probability of intensive formation of solid and
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Figure 11. Internal defect of NMCC Zr-ZrN-(ZrCrAl)N (microdroplet), a possible cause of subsequent delamination.

relatively weak oxide formations of TiN,, AL O, type, which failure can dramatically intensify
the processes of abrasive wear of tool contact areas and reduce the efficiency of coatings depos-
ited on carbide substrates. In this regard, in the use of the arc-PVD processes for the formation

Figure 12. Examples of the formation of longitudinal cracks (delamination) NMCCZr-ZrN-(ZrCrAl)N (a, b) and Zr-ZrN-
(ZrNbTiAI)N (¢, d).
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Figure 13. The results of the analysis of chemical element content, including of composition of NMCC Ti-TiN-(ZrNbTi)

(N, O, Zr, Nb, Ti, W) at electron beam scanning length of 45 um from the cutting edge of CI through the depth of NMCC,
passing approximately equidistant from the carbide substrate and the outer boundary of NMCC [33].

Rartcrs of m——

Figure 14. The pattern of change in the content of the main chemical elements (N, O, Zr, Nb, Ti, W) in NMCC Ti-TiN-

(ZrNbTi) at the length of 45 um occurring at the coating failure zone directly adjacent to the outer surface of the
coating [33].
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of wear-resistant coatings on carbide tools, it is necessary to use filtering systems that block the
formation of macro- and microdroplets and that will result in significant improvement of the
efficiency of coatings for various cutting operations.

4. Conclusions

Mechanisms of cracking in nanoscale multilayered composite coatings (NMCC) were con-
sidered. The studies were focused on NMCC of Zr-ZrN-(ZrCrAl)N, Cr-CrN-(TiCrAl)N,
and Zr-ZrN-(ZrNbTiAl)N and Ti-TiN-(ZrNbTi) deposited through FCVAD technology.
The thickness of the NMCC under study reached 2.44-11.7 um. An uncoated carbide tool
and a carbide tool with a “reference” TiN coating were selected as objects for compari-
son. Preliminary studies have shown that the NMCCs under study are characterized by
high adhesion to substrate and high hardness (34-38 GPa). The tests of cutting properties
carried out at longitudinal turning of steel C45 (HB 200) at the following cutting modes:
f=0.2 mm/rev; a = 1.0 mm; v_=250 m min™ have shown that all NMCC under study suf-
ficiently improve tool life (by 3-4 times in comparison with uncoated tool, and by 1.5-2
times in comparison with the tool with the TiN “reference” coating). Meanwhile, the
nature of wear of NMCC with harder and less ductile wear-resistant layers ((TiCrAl)N
and (TiAl)N) was considerably different from the mechanism of wear of NMCC with less
hard and more ductile wear-resistant layers, which included zirconium nitrides ((ZrCrAl)
N and (ZrNbTiAl)N) compositions. The tools with harder and less ductile NMCC showed
less steady kinetics of wear, characterized by sharp intensification of wear and failure in
transition from “steady” to catastrophic wear, i.e., at the end of the tool life period. The
microstructural studies carried out at cross-cut sections of carbide samples with the NMCC
under study with the use of a SEM revealed the nuances and mechanisms of formation of
different types of cracks in the various NMCCs studied.

The X-ray microanalysis showed the considerable increase in oxygen content and reduction
in nitrogen content in the following coating zones: (i) areas of through transverse cracks in the
coating; and (ii) areas adjacent to micro-droplets embedded in coating structure.
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Author details

Alexey A. Vereschaka', Sergey N. Grigoriev’, Nikolay N. Sitnikov? and Gaik V. Oganyan'

*Address all correspondence to: ecotech@rambler.ru

1 Moscow State Technological University “Stankin”, Moscow, Russia

2 Federal State Unitary Enterprise “Keldysh Research Center”, Moscow, Russia

References

[1]

(2]

[7]

E. Harry, M. Ignat, Y. Pauleau, A. Rouzaud, P. Juliet. Mechanical behavior of hard PVD
multilayered coatings. Surface and Coatings Technology. 2000;125:185-189.

J.L. Mo, M.H. Zhu, A. Leyland, A. Matthews. Impact wear and abrasion resistance of
CrN, AICrN and AITiN PVD coatings. Surface & Coatings Technology. 2013;215: 170-177.

Y. Birol. Sliding wear of CrN, AICrN and AITiN coated AISI H13 hot work tool steels in
aluminium extrusion. Tribology International. 2013;57:101-106.

J. Nohava, P. Dessarzin, P. Karvankova, M. Morstein. Characterization of tribological
behavior and wear mechanisms of novel oxynitride PVD coatings designed for applica-
tions at high temperatures. Tribology International. 2015;81:231-239.

L. Aihua, D. Jianxin, C. Haibing, C. Yangyang, Z. Jun. Friction and wear properties of
TiN, TiAIN, AITiN and CrAIN PVD nitride coatings. International Journal of Refractory
Metals and Hard Materials. 2012;31:82-88.

M. Antonov, I. Hussainova, F. Sergejev, P. Kulu, A. Gregor. Assessment of gradient and
nanogradient PVD coatings behaviour under erosive, abrasive and impact wear condi-
tions. Wear. 2009;267:898-906.

P. Henry, M.J. Pac, C. Rousselot, M.H. Tuilier. Wear mechanisms of titanium and alu-
minium nitride coatings: a microtribological approach. Surface & Coatings Technology.
2013;223:79-86.

B.D. Beake, J.F. Smith, A. Gray, G.S. Fox-Rabinovich, S.C. Veldhuis, ]J.L. Endrino.
Investigating the correlation between nano-impact fracture resistance and hardness/
modulus ratio from nanoindentation at 25-500°C and the fracture resistance and lifetime
of cutting tools with Til-xAIXxN (x = 0.5 and 0.67) PVD coatings in milling operations.
Surface & Coatings Technology. 2007;201:4585-4593.

73



74 Nanostructured Materials - Fabrication to Applications

%]

(10]

(11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

G. Skordaris, K.D. Bouzakis, P. Charalampous. A dynamic FEM simulation of the nano-
impact test on mono- or multi-layered PVD coatings considering their graded strength
properties determined by experimental-analytical procedures. Surface & Coatings
Technology. 2015;265:53-61.

B.D. Beake, Li Ning, Ch. Gey, S.C. Veldhuis, A. Komarov, A. Weaver, M. Khanna, G.S5.
Fox-Rabinovich. Wear performance of different PVD coatings during hard wet end mill-
ing of H13 tool steel. Surface & Coatings Technology. 2015; 279: 118-125 doi: 10.1016/j.
surfcoat.2015.08.038

L. Ning, S.C. Veldhuis, K. Yamamoto. Investigation of wear behavior and chip forma-
tion for cutting tools with nano-multilayered TiAICrN/NbN PVD coating. International
Journal of Machine Tools & Manufacture. 2008;48:656-665.

G.S. Fox-Rabinovich, K. Yamamoto, A.l. Kovalev, S.C. Veldhuis, L. Ning, L.S. Shuster,
A. Elfizy. Wear behavior of adaptive nano-multilayered TiAICrN/NbN coatings under
dry high performance machining conditions. Surface & Coatings Technology. 2008;202:
2015-2022.

G.S. Fox-Rabinovich, A.I. Kovalev, M.H. Aguirre, B.D. Beake, K. Yamamoto, S.C.
Veldhuis, J.L. Endrino, D.L. Wainstein, A.Y. Rashkovskiy. Design and performance of
AITiN and TiAlCrN PVD coatings for machining of hard to cut materials. Surface &
Coatings Technology. 2009;204:489-496.

G. Erkens, R. Cremer, T. Hamoudi, K.D. Bouzakis, J. Mirisidis, S. Hadjiyiannis, G.
Skordaris, A. Asimakopoulos, S. Kombogiannis, ]. Anastopoulos. Super nitrides: a novel
generation of PVD hard coatings to meet the requirements of high demanding cutting
applications. CIRP Annals-Manufacturing Technology. 2003;52(1):65-68.

B.D. Beake, G.S. Fox-Rabinovich. Progress in high temperature nanomechanical test-
ing of coatings for optimizing their performance in high speed machining. Surface &
Coatings Technology. 2014;255:102-111.

H. Ezuraa, K. Ichijoa, H. Hasegawab, K. Yamamotoc, A. Hottaa, T. Suzukia. Micro-
hardness, microstructures and thermal stability of (Ti, Cr, Al, Si)N films deposited by
cathodic arc method. Vacuum. 2008;82:476-481.

C.H. Lai, K.H. Cheng, S.J. Lin, ].W. Yeh. Mechanical and tribological properties of multi-
element (AlCrTaTiZr)N coatings. Surface & Coatings Technology. 2008;202:3732-3738.

M.G. Faga, G. Gautier, R. Calzavarini, M. Perucca, E. Aimo Boot, F. Cartasegna, L.
Settineri. AlISiTiN nanocomposite coatings developed via Arc Cathodic PVD: evaluation
of wear resistance via tribological analysis and high speed machining operations. Wear.
2007;263:1306-1314.

A.A. Vereschaka, M.A. Volosova, S.N. Grigoriev, A.S. Vereschaka. Development of wear-
resistant complex for high-speed steel tool when using process of combined cathodic
vacuum arc deposition. Procedia CIRP. 2013;9:8-12.



[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Wear Mechanism and Failure of Carbide Cutting Tools with Nanostructured Multilayered Composite Coatings
http://dx.doi.org/10.5772/68008

A.A. Vereschaka, M.A. Volosova, A.D. Batako, A.S. Vereshchaka, B.Y. Mokritskii.
Development of wear-resistant coatings compounds for high-speed steel tool using a
combined cathodic vacuum arc deposition. International Journal of Advanced Manu-
facturing Technology. 2016;84:1471-1482.

S.N. Grigoriev, A.A. Vereschaka, A.S. Vereschaka, A.A. Kutin. Cutting tools made of
layered composite ceramics with nano-scale multilayered coatings. Procedia CIRP. 2012;
1:318-323.

A.A. Vereshchaka, A.S. Vereshchaka, O. Mgaloblishvili, M.N. Morgan, A.D. Batako.
Nano-scale multilayered-composite coatings for the cutting tools. International Journal
of Advanced Manufacturing Technology. 2014;72(1):303-317.

K.D. Bouzakis, N. Michailidis, G. Skordaris, E. Bouzakis, D. Biermann, R. M’Saoubi.
Cutting with coated tools: coating technologies, characterization methods and perfor-
mance optimization. CIRP Annals—Manufacturing Technology. 2012;61:703-723.

V.P. Tabakov. The influence of machining condition forming multilayer coatings for cut-
ting tools. Key Engineering Materials. 2012;496:80-85.

V.P. Tabakov, A.V. Chikhranov. Research of developments of cracks in wearproof cover-
ings of cutting tool. Vestnik TSU. 2013;18(4):1916-1917 (in Russian).

V.P. Tabakov, M.Y. Smirnov, A.V. Tsirkin. Productivity of end mills with multilayer
wear-resistant coatings. Ulyanovsk: UISTU. 2005 (in Russian).

A.A Vereschaka, A.S. Vereschaka, ].I. Bublikov, A.Y. Aksenenko, N.N. Sitnikov. Study
of properties of nanostructured multilayer composite coatings of Ti-TiN-(TiCrAI)N and
Zr-ZrN-(ZrNbCrAI)N. Journal of Nano Research. 2016;40:90-98.

A.A. Vereschaka. Development of assisted filtered cathodic vacuum arc deposition of
nano-dispersed multi-layered composite coatings on cutting tools. Key Engineering
Materials. 2014;581:62-67.

A.O. Volkhonskii, A.A. Vereshchaka, I.V. Blinkov, A.S. Vereshchaka, A.D. Batako.
Filtered cathodic vacuum Arc deposition of nano-layered composite coatings for
machining hard-to-cut materials. International Journal of Advanced Manufacturing
Technology. 2016,84:1647-1660.

S. Kumar, W.A. Curtin. Crack interaction with microstructure. Materials Today.
2007;10(9):34-44.

W. Hume-Rothery, Atomic theory for students of metallurgy. London: The Institute of
Metals. 1969 (fifth reprint).

W.C. Oliver, G.M.]. Pharr. An improved technique for determining hardness and elas-
tic modulus using load and displacement sensing indentation. Journal of Materials
Research. 1992;7:1564-1583.

75



76  Nanostructured Materials - Fabrication to Applications

[33]

[34]

A.A. Vereschaka, B.Y. Mokritskii, N.N. Sitnikov, G.V. Oganyan, A.Y. Aksenenko. Study
of mechanism of failure and wear of multi-layered composite nano-structured coating
based on system Ti-TiN-(ZrNbTi)N deposited on carbide substrates. Journal of Nano
Research. 2017;45:110-123.

A.A. Vereschaka, S.N. Grigoriev. Study of cracking mechanisms in multi-layered com-
posite nano-structured coatings. Wear. 2017;378-379:43-57. DOI:10.1016/j.wear.2017.
01.101.



Section 2

Fabrication, Characterization and Applications







Chapter 5

Gd-Doped Superparamagnetic Magnetite
Nanoparticles for Potential Cancer Theranostics

Maheshika Palihawadana-Arachchige,
Vaman M. Naik, Prem P. Vaishnava,
Bhanu P. Jena and Ratna Naik

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68219

Abstract

Nanotechnology has facilitated the applications of a class of nanomaterials called superpar-
amagnetic iron oxide nanoparticles (SPIONSs) in cancer theranostics. This is a new discipline
in biomedicine that combines therapy and diagnosis in one platform. The multifunctional
SPIONSs, which are capable of detecting, visualizing, and destroying the neoplastic cells with
fewer side effects than the conventional therapies, are reviewed in this chapter for
theranostic applications. The chapter summarizes the design parameters such as size, shape,
coating, and target ligand functionalization of SPIONs, which enhance their ability to
diagnose and treat cancer. The review discusses the methods of synthesizing SPIONSs, their
structural, morphological, and magnetic properties that are important for theranostics. The
applications of SPIONS for drug delivery, magnetic resonance imaging, and magnetic hyper-
thermia therapy (MHT) are included. The results of our recent MHT study on Gd-doped
SPION as a possible theranostic agent are highlighted. We have also discussed the challenges
and outlook on the future research for theranostics in clinical settings.

Keywords: theranostics, Fe;O,4 nanoparticles, MRI contrast agent, drug delivery,
magnetic hyperthermia

1. Introduction

Nanomaterials, with the size of at least one dimension ranging from a few nanometers to about
a hundred nanometers, having unique properties compared to their respective bulk materials,
are of intense research interest because of their applications in various fields of science and
technology. One of the major applications, among many of their potential applications, is in
biomedicine as platform for effective diagnosis and therapy [1-3]. The multifunctionality of

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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these nanoparticles has recently led the biomedicine research in a new direction called
“Theranostics” which is the integration of diagnostic imaging and therapeutic function into a
single platform [4, 5]. Theranostic agents allow the combination of diagnosis, treatment, and
follow-up of a disease and hence are expected to contribute to personalized medicine. Among
many nanomaterials, magnetic nanoparticles (MNPs) have the potential to deliver imaging
and therapeutic agents to a specific region in the body with an external magnetic field manip-
ulation. This requires large magnetization for the MNP so that they could respond to exter-
nally applied magnetic fields at physiological temperatures. Superparamagnetic iron oxide
nanoparticles (SPIONSs), such as Fe;O4 and vy-Fe,O3 nanoparticles, exhibit relatively higher
saturation magnetization with no magnetic hysteresis (zero remanence and coercivity) and
fulfill other major requirements such as low toxicity, biocompatibility, and surface functiona-
lization capabilities for theranostic applications. A number of SPIONs have undergone clinical
trials and several formulations have been approved for clinical imaging and therapeutic
applications [6]. A few examples are Lumiren for bowel imaging, Ferridex IV for liver and
spleen imaging, Combidex for lymph node metastases imaging, and Ferumoxytol for iron
deficiency therapy.

Furthermore, SPIONs can be multipurposely used for diagnosis such as magnetic resonance
imaging (MRI) and for therapeutic functions such as targeted delivery of therapeutic agents,
anticancer drugs, siRNA, and for magnetic hyperthermia (MHT) for cancer treatments. This makes
SPION an ideal vehicle in the development of theranostic nanomedicine [7-9]. An example of
strategy for using magnetic nanoparticles as a potential theranostic agent is illustrated in Figure 1.

In this chapter, we discuss the detailed background on magnetic properties of SPIONs and
their synthesis methods and surface modification for cancer diagnosis and therapy. In addi-
tion, various applications of SPION ranging from MRI contrast agent to therapeutic-targeted
drug delivery and MHT are discussed. We have also highlighted the results of our recent study
on Gd-doped SPION as a possible theranostic agent. The remainder of the chapter focuses on
the challenges and outlook on the future research for theranostics in clinical settings.

MNPs

Drug delivery systems MRI for diagnosis MHT for therapy

Figure 1. Schematic illustration of the therapeutic strategy using MNP. Functionalized MNPs accumulate in the tumor
tissues via the drug delivery system. MNP can be used as a tool for cancer diagnosis by MRI or for magneto-impedance
sensor. Hyperthermia can then be induced by alternating magnetic field exposure.
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2. Magnetic properties of SPION

2.1. Background

MNPs have been studied for over 50 years now due to their potential application in many
areas including biomedical sciences. As for the types of MNP, the major focus has been on iron
oxide (Fe;O,), gold-coated iron oxide (Au-Fe;O,), metallic iron (Fe), and Fe-Co and Fe-Pt
nanoparticles. In most cases, the particle size ranges from 1 to 100 nm exhibiting high surface-
to-volume ratio. As a result, they offer higher surface area for interaction with foreign objects
compared to larger particles. Many review articles have been written that focus on sensing,
drug delivery, and hyperthermia properties of these nanoparticles [10-13]. The physical, chem-
ical, and magnetic properties of MNP largely depend on synthesis method and their surface
modification, and much progress has been made in this direction to MNP of varying sizes,
shapes, composition, and core-shell designs [14-23].

The important magnetic parameters relevant to theranostic applications are saturation magne-
tization (M), remanent magnetization (M,), coercivity (H.), Curie temperature (T), magnetic
anisotropy energy density (K), and blocking temperature (T}). These parameters are influenced
by the material, size, shape, composition, and core-shell (functionalization) of the nanoparticles.
M; is the maximum value of magnetization of the material that can be achieved under the
influence of an external magnetic field, M, is the remanent magnetization in the material after
removing the external magnetic field, H, is the strength of the reverse magnetic field needed to
bring the remanent magnetization to zero, and K is the material property signifying the
tendency of the magnetization to orient along a certain axis of the particle. As the volume (V)
of the particles decreases, the magnetic anisotropy energy (KV) of the nanoparticle also
decreases. If the particle size is reduced below a certain critical size, it becomes a single
magnetic domain creating a giant spin called “superspin” leading to a large magnetic moment
(~10,000 Bohr magneton) on each particle. The behavior of a collection of such noninteracting
particles under an external magnetic field is determined by a competition between the mag-
netic anisotropy energy barrier (AE) and the thermal energy (kgT) for magnetic moment
reversal. Above a characteristic temperature called the blocking temperature, T, their behav-
ior is very similar to that of a paramagnetic material and described as “superparamagnetism.”
The underlying physics of superparamagnetism is founded on the activation law for the
relaxation time 7 of the net magnetization of the particle given by 7 = 7, exp (AE/kgT), where
7, is of the order of 10°~10""2 s [24].

2.2. Effect of size, shape, and composition

Magnetic properties of materials, such as susceptibility, coercivity, and saturation magnetiza-
tion, depend on the structure, size, shape, and composition, and can be altered to manipulate
the magnetic properties. Particle size plays an important role in many magnetic biomaterial
applications such as magnetic hyperthermia and drug delivery, where the size used lies in the
nanometer regime. The MNPs often contain a layer of disordered spins on the surface of the
particle leading to reduction in their M; compared to the corresponding bulk material. A
relation between the M; and the size of the nanoparticle is given by [25]
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M, = My, (’ . d)3 (1)

where 7 is the radius of the nanoparticle, d is the layer thickness of the disordered spins, and
Mg, is the saturation of the bulk material. Recent studies have shown that the functionalization
of MNP can reduce the thickness of the surface-disordered spin layer [26].

Although the effect of shape of MNP on their magnetic properties is not extensively studied, a
few investigations have been reported in the literature on ferrite nanocubes, maghemite
nanorods, NiFe wires, cobalt nanodiscs, tetrapods, and Au-MnO nanoflowers showing a
strong dependence of M, on the shapes of the nanoparticles [27-36]. Higher M, values have
been observed for the cubic MNP compared to the spherical MNP of the same size [37]. Also,
cubic Fe;O4 nanoparticles have been found to exhibit higher T compared to spherical Fe;O4
nanoparticles [38], and the amount of disordered spins to be less (4%) in the former and more
(8%) in the latter [39].

Magnetic properties of widely used magnetite (Fe;Oy) with its spinel structure of [Fe®*]5[Fe*Fe*']z0,
can be changed if other magnetic atoms such as Ni, Co, Mn, and so on are substituted at the
tetrahedral A or octahedral B sites of the spinel structure. This flexibility of creating mixed
ferrites is useful in tuning the magnetic properties for hyperthermia applications. There have
been numerous studies investigating the interdependence of magnetic properties and the
composition. The method of preparation, concentration and nature of dopants, and
postsynthesis processes have shown to profoundly affect the magnetic properties. A study [40]
compared the magnetization among the four spinels of FeFe,O,, MnFe,O, CoFe,O, and
NiFe,O, for the same size of 12 nm and found the highest magnetization for MnFe,O,. In
another study with YsFes,Al,O4, for x varying between 0 and 2, the Curie temperature
changed from 40 to 280°C [41]. With increasing Al, Fe®* cations occupied the tetrahedral sites
and some of the octahedral sites of Fe** were replaced by nonmagnetic AI** cations, which
reduced the magnitude of M;. The T, value reached the room temperature for x value between
1.5 and 1.8. The variation in composition affects not only the magnitude of M; but also the
coercivity. The tailoring of ferromagnetic to paramagnetic phase transition temperature is
particularly very useful in hyperthermia application to turn off undesirable heating beyond
the required temperature.

3. SPION synthesis and surface modification

Over the past decades, many efficient synthesis methods have been developed to produce the
size/shape controlled, stable, biocompatible, and monodispersed iron oxide nanoparticles [42—45].
The most common methods include coprecipitation [46, 47], thermal decomposition [48], hydro-
thermal synthesis [49, 50], microemulsion [51], and sonochemical [52] synthesis. Thermal decom-
position technique involves decomposition of organo-metallic iron precursors in organic solvents
at higher temperatures. Although the method can produce high-quality monodisperse particles
because of separate nucleation and growth processes, it is a complicated synthesis method and
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produces hydrophobic nanoparticles that cannot be directly used for bio-applications without
laborious postsynthesis processes, which may result in aggregation and loss of magnetic
properties. The most commonly used technique is the coprecipitation method, which is a
cost-effective and a facile synthesis method. However, this method produces Fe;O,
nanoparticles with wide particle size distribution due to lack of control over hydrolysis reac-
tions of the iron precursors, and the nucleation and growth steps leading to particles with a
range of superparamagnetic-blocking temperature. The other common, recently developed,
method is the hydrothermal synthesis, which generates nanoparticles with excellent crystal-
linity with controllable size and shape in aqueous phase. The properties of the nanoparticles
can vary with the synthesis method due to the differences in cationic distribution and
vacancies, spin canting, or surface contribution.

In the design of magnetic nanoparticles for theranostic applications, surface modification plays
an important role in providing colloidal stability and biocompatibility. The stable colloidal
suspensions of surfactant-coated SPION are called “ferrofluids” which are magnetizable and
remain as liquids in the presence of magnetic fields and in biological media. Stabilization of the
ferrofluid occurs in the presence of one or both of the two repulsive forces (see Figure 2). The
electrostatic repulsion can be understood through the knowledge of the diffusion potential and
mainly depends on the ionic strength and the pH of the solution. The steric force is difficult to
predict or quantify and mostly depends on the weight and the density of the polymer used for
the coating.

In order to achieve biocompatibility, the coating should prevent any toxic ion leakage from
magnetic core into the biological environment as well as shielding the magnetic core from
oxidation and corrosion. When nanoparticles are injected into the body during in vivo appli-
cations, they are often recognized by reticuloendothelial system (RES) that eliminates any
foreign substance from blood stream [53]. In this process, nanoparticles are rapidly attacked
by the plasma proteins from RES and shuttled out of circulation to the liver, spleen, or kidney,

Steric stabilization

Figure 2. Electrostatic and steric repulsion between the particles.
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which are then cleared out from the body. Also, this RES accumulation often causes toxicity
issues as well. The specific surface coatings can prevent the adsorption of these proteins,
increasing the circulation time in blood, hence maximizing the possibility to reach target
tissues [54]. For instance, it is well known that coating of hydrophilic polymers, mainly
polyethylene glycol (PEG), on the nanoparticles reduces nonspecific binding of the proteins
resulting in stealth behavior. In addition to the stabilization and enhanced biocompatibility,
these protecting shells also provide a platform for further functionalization such as the addi-
tion of specific targeting ligands, dyes, or therapeutic agents.

Over the years, researchers have developed various surface modification strategies com-
posed of grafting of or coating with both organic and inorganic materials. Organic molecules
include small organic molecules, macromolecules or polymer and biological molecules. They
provide various highly reactive functional groups such as carboxyl groups, aldehyde
groups, and amino groups. Polymer-coating materials can be classified into synthetic and
natural, and some commonly used polymers are listed in Table 1 along with their advan-
tages.

The surface coating could affect the magnetic properties of SPION. Many studies have reported
the effect of the surfactants on the magnetic properties [55-60]. Yuan et al. [58] investigated the
effect of surfactant on magnetic properties using commercially available aqueous nanoparticle
suspensions, FluidMAG-Amine, FluidMAG-UC/A, and FluidMAG-CMX, in parallel with oleic
acid-covered particles suspended in hexane and heptane. Their results reveal the reduction of
magnetic phase in nanoparticles, which varies with different coatings as well as with solvents.
The reduction in magnetization with different coatings was attributed to the different degree of
surface spin disorder.

Polymer Advantages and applications References
Natural Dextran Stability, biocompatibility, enables optimum polar interactions with [61-66]
iron oxide surfaces, and enhances the blood circulation time
Starch Improves the biocompatibility, good for MRI, and drug target delivery [67, 68]
Chitosan Biocompatible and hydrophilic large abundance in nature, [69-72]

biocompatibility, and ease of functionalization. widely used as nonviral
gene delivery system

Synthetic Poly(ethylene-glycol) Enhances the hydrophilicity and water-solubility, improves the [73-75]
(PEG) biocompatibility, blood circulation times, and internalization efficiency
of the nanoparticles. Used in target-specific cell labeling, magnetic
hyperthermia, targeted drug delivery

Alginate Improves the stability and biocompatibility. Used in drug delivery [76-78]
applications

Poly-N-isopropyl- Generally used as thermosensitive drug delivery and cell separation [79-82]

acrylamide (PNIPAM)

Polyethylene-imine Ability to complex with DNA, guide intracellular trafficking of their [83-86]
(PEI) cargo into the nucleus, used for gene delivery cell transfection with
either DNA or siRNA nucleotides

Table 1. Commonly studied organic polymers and their advantages.
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4. SPION for drug delivery

Over the last two decades, MNPs have been increasingly exploited as platforms for the
transport of therapeutics including drugs and genes [46, 87, 88]. In magnetic drug delivery, a
drug or a therapeutic reagent is conjugated to the nanoparticle and introduced in the body, and
concentrated in the target area by means of a magnetic field gradient (using an internally
implanted permanent magnet or an externally applied field) [89]. Even though magnetic drug
delivery shows a great promise in cancer treatment avoiding the side effects of conventional
chemotherapy, the designing and fabrication of an efficient nanoparticle-based drug delivery
system is still a challenge. Using a targeting ligand, the targeting specificity can be enhanced.
These anticancer drugs carried by the nanoparticles can then be released at the tumor site via
enzymatic activity, or via changes in the physiological conditions such as temperature and pH.
Drug release can also be magnetically triggered from the drug-conjugated magnetic nano-
particles [89-91]. For example, Hayashi et al. [92] reports a study done on superparamagnetic
iron oxide nanoparticles conjugated with folic acid (well known as a targeting ligand for breast
cancer cells), 3-Cyclodextrin (which acts as drug container), and Tamoxifen (anticancer drug).
Using an AC magnetic field, heat is generated which triggers drug release—a behavior that is
controlled by switching the high-frequency magnetic field on and off. This is capable of
performing drug delivery and hyperthermia simultaneously. Among various other anticancer
drugs, Doxorubicin (Dox) is widely used as a model drug. There are several methods that can be
used to load Dox into nanoparticles, such as by adsorption onto nanocarrier inorganic
core [93-95], by diffusion [95, 96], or entrapment [97, 98] in the coating materials and by chemical
bonds [99, 100] with the coating of the nanocarrier. Several modifications including surface
functionalization of these SPIONs with Dox have been conducted over the last few years to
investigate their efficacy [101]. Previous studies have reported that PEG-functionalized porous
silica shell onto Dox-conjugated Fe;O, nanoparticle cores [102], PAMAM (Poly(amidoamine))-
coated Fe;04 nanoparticles-Dox complex [103], and Dox-loaded Fe;O, nanoparticles modified
with PLGA-PEG copolymers [104] could potentially be very promising in therapeutic cancer
treatment. However, most of the Dox-SPION-based drug delivery studies have been focused on
human breast cancer cells.

In our recently published work [105], we have developed a novel drug delivery platform based
on Fe;0, nanoparticles as a vehicle for an anticancer drug (Dox), attached to a model dye
(FITC) for their precise tracking and investigated their incorporation into the human pancre-
atic cancer cell line (MIA PaCa-2) for specific drug targeting. Existing EDC/NHS technique was
employed for this dual drug/dye conjugation. This unique drug-dye dual conjugation of
SPION after penetration through the cell membrane shows a steady release of Dox into the
nucleus of the malignant cells. Our studies demonstrate that the association of Dox onto
the surface of nanoparticles enhances its penetration into the cancer cells as compared to the
unconjugated drug as shown in the subsequent text (Figure 3). In addition to the rapid uptake
of these SPIONs by live cells, our results also suggest that upon entering the cells, Dox is
cleaved from the conjugation, which might be due to the enzymatic reactions that occur within
the cells, and tends to accumulate in the nuclei fulfilling the major requirement for an effective
therapeutic system.
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A. Cells DOX

Control
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Cell FITC DOX Merged

Control

15 mins

DOX-
FITC-
SPIO

Figure 3. (A) Phase and fluorescent micrograph of MIA PaCa 2 cells incubated with Dox. Note the cellular entry,
especially into the nucleus (red fluorescence), of the free drug 6 h following exposure. The inset shows blebbing of cells
exposed to Dox prior to cell death (Scale =20 um). (B) Phase and fluorescent micrograph of MIA PaCa 2 cells incubated
with free Dox and free FITC (control) and Dox-FITC-conjugated Fe;O, NPs at 15 min. Green and red fluorescence
represent FITC and Dox, respectively. Note the accumulation of Dox in the nucleus in cells exposed to the Dox and
FITC-conjugated SPION. White arrowheads indicate Dox entry into the nucleus. Reprinted from Ref. [105], Copyright
(2017), with permission from Elsevier.

5. SPION for cancer diagnosis using MRI

Magnetic resonance imaging with its high spatial resolution has been a preferred method of
imaging and diagnosing a disease. It is a noninvasive medical diagnostic tool that monitors the
change in magnetization of hydrogen-protons in water molecules contained in a tissue when
placed in a magnetic field and exposed to a pulse of radio frequency electromagnetic waves.
The mapping of the magnetization provides an image of the organ due to the fact that protons
in different tissues, with varying water concentration, respond differently. Contrast agents
have been used to enhance the images as they affect the behavior of the protons in their vicinity
leading to sharper images. Contrast agents used in MRI are divided into two categories: T; and
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T, contrast agents based on their effect on the magnetic relaxation processes of the pro-
tons [106]. Most commonly used T; contrast agents are paramagnetic compounds that are
composed of metal ions of Gd*>* or Mn®* and a chelating ligand, such as diethylene triamine
penta-acetic acid, DTPA [106, 107]. The chelate prevents the metal ion from binding to chelates
in the body making the paramagnetic ion less toxic. T; contrast agents mainly reduce the
longitudinal relaxation time (T;) which is due to energy exchange between the spins and
surrounding lattice (spin-lattice relaxation) and result in a brighter signal. T, contract agents,
consisting of superparamagnetic nanoparticles such as Fe;O,, have a strong effect on the
transverse relaxation time (T5). In an external magnetic field, nanoparticles are magnetized
and generate induced magnetic fields locally. These induced fields perturb the magnetic
relaxation processes of the protons in the water molecules decreasing the T, relaxation time,
which results in darkening of MR images.

There are various research studies conducted on enhancing the MRI signal for cancer detection
using SPIONSs as T, contrast agents [108-110]. The efficiency of SPIONs as T, contrast agents
mainly depends on their physicochemical properties, particularly their size and surface chem-
istry. Stephen et al. [111] report the correlation between particle size and T, relaxation. Their
study shows that a decrease in particle size leads to reduction in saturation magnetization,
which in turn reduces the T, relaxation capabilities of SPIONs. There are studies which show
the effect of shape on relaxivity. For example, Zhen et al. [112] reported that cubic Fe;O, MNP
showed four times smaller relaxation time and thus better image contrast compared to the
spherical Fe;O,. In another study, octapod Fe;O4 nanoparticles with an edge length of 30 nm
show a smaller value of T, compared to 16-nm spherical Fe;0, nanoparticles possessing a
similar M; [37]. The studies by Park et al. [113] report a decrease in relaxivity as PEG molecular
weight increases, indicating that the thickness of PEG coating at the particle surface affects T,
relaxivity.

When using SPIONSs as contrast agents for MR], it is crucial that they are captured into the cells
efficiently upon exposure. Some approaches include introducing peptides [114], anti-
bodies [115], and polymers [116] onto or surrounding magnetic nanoparticles to improve the
target specificity. For example, Jun et al. [117] have successfully synthesized superparamagnetic
iron oxide nanoparticles of 9-nm size as magnetic probes for the in vivo detection of cancer cells
implanted in a mouse. In their research work, 2,3-dimercaptosuccinic acid (DMSA) ligand is
attached to the nanoparticles surface to obtain hydrophilic nanoparticles and the nanoparticles
are further conjugated with the cancer-targeting antibody, Herceptin. The specific binding prop-
erties of Herceptin against a HER2/neu receptor overexpressed from breast cancer cells lead to
the successful detection of breast cancer cells (SK-BR-3).

Even though both T; and T, mapping are powerful techniques, single-mode contrast agents are
not always sufficient in modern diagnosis as they have certain drawbacks and limitations [118].
For example, the dark contrast produced by T, agents can also be generated from adjacent bones or
vascular or there can be susceptibility artifacts due to the sharp change in magnetic field at the
surrounding contrast agent. Also, Gd-chelates (T; agent) have high mobility which shorten their
presence in the vascular system and raise possible toxicity issues. Thus, there is a growing interest
in developing complementary T3-T, dual-modal contrast agents, combining the advantages of
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positive and negative contrasts to obtain high sensitivity and biocompatibility for improved
diagnosis [119]. Two different approaches of integrating T; and T, species have been reported
recently [118]. One is constructed by labeling T;-signaling elements (Gd species) on magnetic
nanoparticles. In the study done by Bae et al. [120], Gd-DTPA, a representative Gd chelate-based
T; MRI contrast agent, is covalently attached to dopamine-coated iron oxide nanoparticles. Their
results demonstrated that the composite not only had the ability to improve surrounding water
proton signals on the T;-weighted image but also could induce significant signal reduction on the
Tr-weighted image. In another study reported by Santra et al. [121], Gd-DTPA is encapsulated
within the poly (acrylic acid) (PAA) polymer-coated SPION (IO-PAA) conjugated to folic acid,
which acts as the targeting ligand for breast cancer cells (HeLa cells). When nanoprobes are
internalized within the cells, which is acidic, composite magnetic nanoprobe degrades resulting
in an intracellular release of Gd-DTPA complex with subsequent T; activation, which can be seen
by MRI. Authors claim that this T; nano-agent could be used for the detection of acidic tumors. The
other type of conjugated system consists of T; paramagnetic elements embedded into T, magnetic
nanoparticles. For example, Zhou et al. [122] have synthesized Gd,Os-embedded iron oxide
nanoparticles with an overall size of 14 nm which can act as a T;-T, mutually enhanced dual-
modal contrast agent for MR imaging of liver and hepatic tumor detection with great accuracy in
mice. Xiao et al. [123] have prepared PEGylated, Gd-doped iron oxide nanoparticles which is
applicable as a T;-T, dual-modal MRI contrast agent. Their in vivo MRI results demonstrated the
simultaneous contrast enhancements in T;- and T,-weighted MR images toward the glioma-
bearing mice.

6. SPION for cancer therapy using magnetic hyperthermia

Magnetic hyperthermia is the transformation of electromagnetic energy from an external
alternating magnetic field into heat using MNP. Magnetic nanoparticles serve as the nano-
heat centers producing heat by relaxation losses, thereby heating the tissue. The main goal of
an effective cancer treatment is to kill the malignant cells with the least of damage to normal
cells. As MHT can be used for heating small regions selectively, it offers the potential for being
highly selective and noninvasive technique for therapeutic treatment of cancers, and conse-
quently it has advantage over other treatment such as chemotherapy and radiation therapy. It
is known that reduced blood flow in tumor causes the lack of oxygen in tumor site which leads
to the formation of lactic acid making the cells more acidic [124]. The acidic cells are more
sensitive to temperature, have lower thermal resistance than normal cells, and the decreased
blood flow in the tumor limit their ability to dissipate heat. As a result, cancer cells can be
damaged or killed by increasing the local temperature to the range of 42—-46°C with little
detriment to healthy cells.

The idea of utilizing SPION for hyperthermia was first proposed by Gilchrist et al. [125] in
1950s and since then many types of MNP are being investigated for this purpose. MNPs have
the advantage of being guided and localized specifically at a tumor site by external magnetic
fields and can also be directed to the cancer cells by tagging a ligand, such as an antibody or a
peptide, without reducing its efficiency. For example, Fabio et al. [126] have reported that
the conjugation of folate receptors enhances the targeting for magnetic hyperthermia in solid
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tumors. Magnetite (Fe;O,4) and maghemite (y-Fe,O3z) have been extensively studied and are
promising candidates due to their biocompatibility and relative ease for functionalization.
Additionally, iron oxide nanoparticles doped with other magnetic dopants such as Co, Mn,
and Ni [127-129] are under investigation to achieve a high heating efficiency by tuning the
magnetic anisotropy and saturation magnetization of the material. In addition, many recent
findings show that multicore nanoparticles possess a higher heating power than the single-
core particles [130], and may offer an advantage. However, among numerous complications,
with a high Curie temperature of Fe;O,4, 850 K, and y-Fe,O3, 750 K, overheating is one of the
drawbacks of utilizing these nanoparticles, and as a solution, those complex magnetic oxides
with low Curie temperature are being investigated [131-133].

Specific absorption rate (SAR) is a measure of efficiency of heat generation. The SAR value can
be estimated by measuring the temperature change in the ferrofluid samples upon exposure to
an AC magnetic field following the equation [134]:

M,
SAR(T) = 2" ¢ AT 2)
mp,3304 At T

Here, Msample is the mass of the sample, mr,,0, is the mass of Fe30, nanoparticles in the sample,
C is the specific heat capacity of the sample, and (%], is the time rate of change of temperature at
T obtained from the slope of the time-dependent temperature data. SAR depends on magnetic
properties of the particles such as M, anisotropy constant K, particle size distribution (o),
magnetic dipolar interactions, and the rheological properties of the target medium. An ensemble
of poly-disperse particles is usually described by a log-normal distribution function,
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Here, D, is the most probable particle diameter and o is the width of the distribution. The
temperature-dependent average power dissipation in the sample is expressed as [135]
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where H,, and w are the amplitude and angular frequency of the applied AC magnetic field, 1,
is the vacuum permeability, T is the effective relaxation time involving Néel relaxation and
the Brownian relaxation times, and y, is equilibrium susceptibility. 7. is defined as
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W = + 1 where 15 = T and 1y = 5" Tp exp T ) \/I;T are the Néel and Brownian relax

ation times, 7 is the viscosity of the suspension, Ry is the hydrodynamic radius of the coated

nanoparticle, V,, is the magnetic volume of the nanoparticles, and 7, ~ 10~ s. ¥, is given by

g2
Xo = Xi (cothé - %), where x; = % is the initial susceptibility, and & =+ ‘“M,fg“‘/’", with M,

being the domain magnetization of the nanoparticle and ¢ the volume fraction of the magnetic
nanoparticles in the ferrofluid. SAR in units of W/g is obtained using Eq. (4) as P(T)/mre,0,,
where g0, is the mass of Fe;0, nanoparticles in ferrofluids.
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MHT investigations are often done on colloidal suspensions of surface-coated MNP, called
ferrofluids. It is often necessary to coat the MNP using a biocompatible polymer to avoid direct
contact with the tissue and to reduce the particle aggregation. Ferrofluid preparations fre-
quently yield a mixture of isolated nanoparticles and nanoclusters [136] with varying degree
of magnetic dipole-dipole interactions present in ferrofluids. It has been shown that the dipolar
interactions among the MNP affect the SAR value drastically and can be exploited to optimize
SAR [136-139]. A mean-field approximation method has been used to account for effects of
interactions on SAR for a collection of monodisperse MNP [138, 139], and we have used this
approach to explain the very different observed SAR values for similar size particles prepared
by two different methods of preparation [140].

Since the surfactant influences the magnetic properties as well as the degree of interactions in
the ferrofluid, a useful approach for improving the magnetic hyperthermia performance is to
optimize the surface coating to maximize the SAR. Currently, there are conflicting SAR values
obtained for a certain sized nanoparticle making it difficult to evaluate the exact contributions of
surface coating on the SAR. According to Mohammad et al. [141], it is found that inorganic
coatings improve the SAR value and the gold coating retains the superparamagnetic fraction of
Fe;O4 nanoparticles much better than uncoated nanoparticles alone and leads to higher
magnetocrystalline anisotropy. A study by Liu et al. [142] suggested the possibility of increasing
SAR by decreasing the surface-coating thickness using highly monodispersed Fe;O,4
nanoparticles with different polyethylene glycol-coating thickness. The increase in SAR was
explained as due to a decrease in coating thickness leading to an increased Brownian loss,
improved thermal conductivity, as well as improved dispersion. It should be noted that the
heating performance of the nanoparticles depends on the medium as well. Whenever
nanoparticles encounter biological systems, interactions take place between their surfaces and
biological components such as proteins, membranes, phospholipids, and DNA forming the so-
called protein corona around the nanoparticles [143, 144]. The formation of corona depends on
the surface properties of the particles [145, 146] and can influence the aggregation behavior of
nanoparticles in biological media, which in turn can affect their performance for desired appli-
cations. Therefore, apart from the optimization of the properties of the magnetic core and surface
coating for high-performance MHT, it is necessary to ensure its performance in the physiological
environments.

In the work reported by Khandhar et al. [147], authors use poly(maleic anhydride-alt-1-
octadecene)-poly(ethylene glycol) (PMAO-PEG), an amphiphilic polymer-coated Fe;O4
nanoparticles of three different sizes, 13, 14, and 16 nm, to study the MHT efficiency in cell
growth medium (CGM) similar to biological environment. Their results showed an increase in
hydrodynamic sizes in all three samples upon exposure to CGM. SAR reduced (30%) only in
16-nm size sample, while other two samples did not exhibit any significant decrease in SAR.
The authors suggest that the increase in hydrodynamic volume prolongs Brownian relaxation
while Néel relaxation is unaffected. Hence, in 13- and 14-nm samples where SAR is mainly due
to Néel relaxation, SAR was not affected. But in the 16-nm samples, in which there is a
contribution from Brownian relaxation to heat dissipation, the SAR dropped due to the
increase in Brownian relaxation. We have investigated the magnetic hyperthermia efficiency
of dextran and citric acid (CA)-coated Fe;Oy, ferrofluids in cell growth medium, which contains
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serum proteins similar to physiological environments. From the stock solutions (25 mg/ml), 3
mg/ml concentration of dextran and citric acid-coated ferrofluids samples were prepared using
CGM and deionized water (DI) water. The ferrofluid samples were subjected to an AC field of
235-Oe amplitude at the frequency of 375 kHz. The SAR of dextran-coated samples in DI and
CGM was estimated to be 63 and 72 W/g, which indicates that their performance is not much
affected by the medium if not enhanced. However, SAR values obtained for CA-coated sam-
ples in DI and CGM, 78 and 38 W/g, implies that their efficiency is heavily reduced when
exposed to physiological environments.

7. Gd-doped SPION as a potential theranostic agent

The multifunctionality of SPION makes them a good candidate for theranostics. One such
approach to integrate diagnostic imaging and therapeutic function is to develop SPION as an
MRI/a drug delivery platform. Yu et al. [148] reported that PEG-coated iron oxide nanoparticles
when loaded with Dox provide a therapeutic capability. Following their injection into a mouse,
Dox-modified magnetic nanoparticles accumulate in the tumor and the nanoparticles were
imaged by using T, MRI. The contrast associated with the tumor changes from light to dark at
4.5 h post injection and the growth rate of the tumor mass was decreased in the nanoparticle-
injected mice compared to that of a control group. In another work, Lee et al. [149] developed
PEG-stabilized Fe;O4 nanocrystals on dye-doped mesoporous silica nanoparticles and Dox
was loaded into the pores. Here, SPIONs work as a contrast agent in MRI, the dye molecule
imparts optical imaging modality, and Dox induces cell death. In a similar approach, Kim et al.
[150] developed a core-shell structure consisting of single Fe;0, core and mesoporous silica
shell for MR and fluorescence imaging which also has the potential to be used as a drug carrier.
Hayashi et al. [92] reports a study done on SPION conjugated with folic acid as targeting
ligand and Tamoxifen as anticancer drug. The drug release was triggered by heat generated
by SPION in an AC magnetic field, hence performing drug delivery and hyperthermia simul-
taneously.

The incorporation of MHT and imaging modalities [151] has been investigated widely as well.
One such study is reported by Hayashi et al. [152] in which authors have investigated SPION for
cancer theranostics by combining MRI and magnetic hyperthermia through a set of in vivo
experiments. They show that FA- and PEG-modified SPION nanoclusters accumulated locally
in cancer tissues within the tumor and enhanced the MRI contrast. Furthermore, they report that
with MHT, the tumor volume of treated mice was reduced to one-tenth that of the control mice.
Also, Gd-doped Fe;O4 nanoparticles have the potential to act as an effective MHT agent [153] in
addition to their use as a T;-T, dual-modal contrast agent for MR imaging. Gd(III) is known to
oppose net magnetic moment of Fe(Ill)/Fe(Il) in oxides, reducing magnetization [154-156].
Therefore, Gd doping may reduce the hyperthermia efficiency, but by using the correct amount
of doping, one can always explore the possibility of using them as both MRI contrast agents and
hyperthermia mediators. However, there are very few studies done on the MHT efficiency of Gd-
doped Fe;04 nanoparticles [157, 158]. Both the studies report higher SAR values for Gd-doped
Fe;0,4 nanoparticles compared to the reported values for undoped samples. In our work presented
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here, we have investigated the MHT efficiency of Gdy o7sFe; 92504 nanoparticles for possible use as
a theranostic agent.

7.1. Synthesis and characterization of Gd-doped SPION

Gdy g75Fe2.9250,4 nanoparticles were synthesized by coprecipitation method. For a typical syn-
thesis of Gdg7s5Fe2 92504, aqueous solution of FeCl,.4H,O, FeCl;.6H,O and Gd(NO3); was
mixed in a molar ratio of 1.00:1.925:0.075 in 25-ml volume followed by the addition of 250 ml
of 1 M NH,OH. The synthesized nanoparticles were then coated with dextran according to the
method outlined by Arachchige et al. [140]. From the structural investigation, it was observed
that Gd doping does not alter the Fe;O, crystal structure significantly (Figure 4). Using several
intense X-ray diffraction (XRD) peaks and the Debye-Scherer equation, the crystallite sizes of
the Fe;O4 and Gdy g75Fe; 92504 nanoparticle samples were determined to be 11.7 + 0.6 and
14.9 + 0.5 nm, respectively. This increase in the crystallite size is consistent with the previous
studies on Gd doping in spinel structures [159].

TEM images of the two samples are shown in Figure 5. The undoped sample consists of
roughly spherical nanoparticles with smaller polydispersity, whereas the Gd-doped sample
exhibits nanoparticles with rough edges with wider size distribution.

The magnetic properties of the synthesized powder as well as the ferrofluid samples are
determined by analyzing the M(H) curve. The M-H data for undoped and Gd-doped Fe;O,
ferrofluid samples, recorded at room temperature, are shown in Figure 6. The sigmoidal
shape of the M(H) curves with nearly zero hysteresis confirms the superparamagnetic
nature of these nanoparticles at room temperature. The saturation magnetization of Fe;O,
nanoparticles is measured to be ~72 emu/g, whereas that of Gd-doped Fe;O4 nanoparticles is
reduced to ~52 emu/g. This reduction in saturation magnetization at room temperature
agrees with the observations in other reported studies [123, 158] and can be attributed to
the fact that magnetic Fe>* ions get replaced by the Gd>* ions in the octahedral sites of the
inverse spinel structure.
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Figure 4. X-ray diffraction patterns of as-prepared Fe;O, and Gd g75Fe; 92504 nanoparticles [160].
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Figure 5. TEM images of (a) Fe3O, and (b) Gd-Fe;0,4 nanoparticles [160].

It is observed that the doping of Gd*" ions into Fe;O, spinel has significantly influenced the
average crystallite size and the saturation magnetization. The M(H) curve for an ensemble of
noninteracting superparamagnetic nanoparticles described by a log-normal distribution func-
tion, f{D), can be fitted using the following expression:

r F(D)VL(x)dD
S (5)
j f(D)VdD
0

where L(x) = cothx — 1 is the Langevin function, x = (M;VH)/kgT, M is the saturation mag-
netization, and V'is the volume of the particle. The fitted particle size was inconsistent with the

Figure 6. M versus H curves for two ferrofluid samples fitted with Eq. (5). The inset shows the resulting particle size
distribution obtained for the two samples [160].
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observed XRD data, and it was necessary to introduce the magnetic dipolar interaction effects
through a phenomenological temperature, T', as described in our recent work [140]. The best-
fit parameters for the two samples are shown in Table 2, and Figure 6 shows the fitted data.
The inset in Figure 6 shows the magnetic core size distributions for two ferrofluid samples. The
fitting of M(H) data with Eq. (5) clearly shows that Gd-doped Fe;O4 nanoparticles have a
higher average magnetic core size with a larger size distribution (14.6 &+ 3.7 nm) and lower
saturation magnetization (52 emu/g) compared to the undoped Fe;O4 nanoparticles (11.7 + 1.9
nm, 72 emu/g). Both the ferrofluid samples exhibit similar strength of magnetic dipolar inter-
action (T ~80-100 K).

MHT measurements were carried out on the dextran-coated Gd-doped as well as undoped
Fe;Oy ferrofluid samples at a field of 235 Oe and at a frequency of 375 kHz. The heating
curves for two samples are shown in Figure 7(a), and from the plot it can be observed that
the initial heating rates for the two samples are approximately the same. From these heating
curves, the SAR values were obtained as a function of temperature taking into account heat
loss as described elsewhere [134]. Figure 7(b) presents the corrected experimental SAR
data as a function of temperature for both the undoped and Gd-doped samples. Within the
experimental error, the room temperature SAR values for Gd-doped Fe;0, and undoped

Ferrofluid sample M; (emu/g) D, (nm) o T (K) D,yg (nm)
Fe;0,4 72 11.6 0.15 80 11.7+19
Gd -Fe;04 52 14.2 0.23 100 14.6 £3.7

Table 2. Fitting parameters obtained from the M(H) fitting with modified Langevin function using T
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Figure 7. (a) Heating profiles of Fe30, and Gd-doped Fe;0, ferrofluid samples under an AC magnetic field amplitude of
235 Oe and at a frequency of 375 kHz. (b) The temperature dependence of net SAR for two ferrofluid samples. The black
line shows the theoretical fitting of the experimental data with the linear response theory [160].
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Fe;0, ferrofluid are very similar. The temperature-dependent SAR values were fitted to the
linear response theory incorporated with the interactions and size distribution [140]. The
solid lines in Figure 7(b) are the best fits to the experimental SAR data, using the particle size
distribution parameters and T" values given in Table 2 and treating the anisotropy constant,
K, as a fitting parameter. The SAR fitting yields a somewhat smaller anisotropy constant
(~12 kJ/m°) for Gd-doped ferrofluid compared to that of undoped ferrofluid (~21kJ/m?). It is
interesting to note that both samples have similar SAR values in spite of a smaller anisotropy
constant and the saturation magnetization for the Gdy ¢75Fe5 92504 sample compared to the
undoped sample. The expected lowering of SAR in Gdg g7sFes.92504 is probably offset by a
larger particle size in this sample, as the SAR would increase with increasing particle size up
to a critical size [140]. By fine-tuning the composition of Gd-doped Fe;O4 nanoparticles, we
may achieve a higher SAR value.

In summary, the Gd doping on the Fe;0, nanoparticles affects the morphology and the
magnetic properties of Fe30, nanoparticles considerably but the magnetic hyperthermia
efficiency of the samples was about the same within the experimental uncertainties. The
possibility of using Gd-doped Fe;O4 nanoparticles as a dual-modal T;-T, contrast agent is
being currently explored by others and our magnetic hyperthermia results demonstrate
that this material is a potential candidate for multimodal contrast imaging and cancer
treatment by hyperthermia. However, further research is necessary to optimize the
amount of Gd doping to enhance SAR for cancer treatment and to be used as a theranostic
agent.

8. Conclusions

In this chapter, we have discussed various approaches to exploit the multifunctionality of
SPION for cancer theranostics. We have given a brief background on the nanoparticle
magnetism, followed by a description of commonly used synthesis methods and surface-
functionalizing strategies. Three major applications of Fe;0, nanoparticles in drug delivery,
MRI, and MHT, including our recent work on Gd-doped SPION as a possible theranostic
agent, are described. This chapter also addresses the recent work on integrating the indi-
vidual diagnostic and therapeutic approaches to develop SPION-based theranostic plat-
form.

Despite the exciting progress, SPION is far from meeting clinical standards as theranostic
agent. It has its own promises and advantages, but there are still some disadvantages to be
overcome. These include target specificity as drug carriers, optimizing the heating efficiency
and aim for sufficient heating using minimum dosage, preventing the overheating in MHT,
and issues of biocirculation, biodistribution, and bioelimination within the biological system.
In summary, although in theory, SPION is a perfect vehicle in the development of theranostic
nanomedicine, more research is required to overcome its disadvantages and this should be the
main focus of the next stages of investigation.
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9. Future directions

In recent years, the research in the field of theranostics has brought many diverse fields
together for targeting, imaging, and therapy for a deadly disease like cancer. These fields
include physics of magnetism, chemistry of synthesis, material science of structure-
property relationship, surface science for functionalization, biomedical engineering in
MRI and radiofrequency activation and treatment, and biology for understanding the
behavior of cancer cells. SPIONs have played a key role in this application as visual,
imaging, and therapeutic agent. Several studies have shown promising results; however,
many challenges still remain in moving theranostic applications from laboratory settings
to clinics. Two major challenges we face are low efficacy and toxicity of SPION. For
in vivo applications, the amount of SPION used (several hundred microgram/ml) usually
produces undesirable toxic side effects. The smaller concentration, on the other hand, is
not sufficient for imagining and therapeutic action of the material. It is well known that
the size, shape, and surface modifications influence the performance of SPION. There is
a lack of information about the combined effects of these parameters in the clinical
applications. Also, we do not have a clear understanding of controlling the delivery of
SPION to a specific target in the body by using external magnetic field gradient. It has
been found that some particles would end up accumulating in other parts of the body
such as liver, spleen, kidney, and lungs along with the specific intended location. We do
not know how they will affect those nonspecific organs and how long they will stay
there. In magnetic hyperthermia therapy, measuring precise temperature at the tumor
site and adjusting particle properties with frequencies and amplitude of the external
field for apoptosis/necrosis of cancer cells without affecting normal tissues are challenges
that researchers and clinicians face every day. There have been promising results in
treating prostate and skin cancers with magnetic fluid hyperthermia but no real efforts
have been made to treat deep tumors such a pancreas and liver with SPION. In order to
make progress with these therapies, research is needed in the development of new
materials that have higher reflexivity, better thermal activation properties, and have
better coating materials to improve the bio-distribution and biocompatibility for in vivo
applications. Most imperatively, we need data on large animal studies before theranostics
can make a fruitful transition from research laboratories to the clinics, and so on.
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Abstract

Dendrimers represent a distinct class of polymers—highly branched and uniform, with a
relatively small size when compared to their mass. They are composed of the core, from
which branched polymeric dendrons diverge and they are end-capped with selected ter-
minal groups. Recently, dendrimers have attracted considerable attention from medici-
nal chemists, mostly due to their well-defined and easy-to-modify structure. This chapter
aims to compile dendrimer applications and activities especially for prevention and
fighting off infections caused by bacteria and fungi, viruses, and parasites/protozoa. Our
goal in this review is to discuss selected modifications of dendrimers of potential value
for pharmaceutical chemistry.

Keywords: antibacterial, antimycotic, dendrimer, nanomaterials, polymers

1. Introduction

Dendrimers are spherical nanosized polymers that branch in a well-defined manner. They
were first synthesized and described by Franz Vogtle in 1978 [1]. For the last 30 years, they have
gained a lot of attention, mainly due to the discovery of their stunning complexation abilities.
In medicinal chemistry, they reveal interesting pharmacological properties of potential value
for various medical fields. In pharmaceutical sciences, these nanostructures are particularly
interesting as they can be potentially useful in pharmaceutical technology for preparation of
water-soluble complexes with poorly soluble active pharmaceutical ingredients (API). It is
worth noting that at the same time a decrease in API's overall toxicity is observed.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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In this chapter, the aim is to describe the potential use of dendrimers in fighting off infectious
diseases. Infectious diseases continue to constitute a problem around the globe, and a proper
surveillance is required, as the amount of reports regarding occurrence of bacteria and fungi
resistant to all clinically used antibiotics and antimycotics is growing. From one year to the next,
the number of potentially useful antimicrobials is slowly decreasing, while only a few APIs
have been introduced to clinical practice in recent years. Therefore, even treatment of common
diseases has the potential to become a serious problem in the near future. The link between
pollution and health although complex is obvious. An increasing pollution of the environment
with pharmaceuticals intended to fight infectious diseases as well as their enhanced consump-
tion over the last 70 years has led to the development of resistance mechanisms. Additionally,
the treatment of infectious diseases in developing countries is quite problematic due to the lack
of regulations in drug marketing. Another factor is the price of what is often referred to as last
resort medicines; the contribution of public funding is often essential for the implementation
of therapy with such medicinal products. Moreover, decreased hygiene level and underdevel-
oped sanitation favour the occurrence of bacterial, fungal and parasitic infections [2, 3].

Currently, the amount of novel antibiotic classes seems to be constant. In parallel, the propa-
gation of multidrug resistant microbes indicates the necessity of searching for novel agents
and methods, which can be used as a revolutionary approach. Therefore, present research
wrestles with the problem of whether novel dendrimer nanoparticles alone or in complexes
with APIs can be of potential usage in medicinal and pharmaceutical chemistry. The goal is to
develop novel antibiotics, antimicrobial and antiparasitic/protozoa therapies. Currently, there
are many ongoing attempts that aim at increasing the efficiency of strategies against bacteria
and fungi in planktonic and biofilm modes of growth. There are researched methods that lead
to biofilm growth inhibition, disruption or eradication. These approaches include APIs with
new mechanisms of action, like enzymes, salts, metal nanoparticles, antibiotics, acids, plant
extracts or antimicrobial photodynamic therapy. Regarding all this, dendrimers could be a
material that might help to reach this goal [4].

2. Dendrimer structural versatility

Dendrimers do not form a uniform group based on their chemical structure. They are different
from other dendritic structures such as dendronic and dendritic surfaces, dendronized poly-
mers, dendriplexes and dendrigrafts. Schematic representation of dendrimeric nanoparticle,
which constitutes the main subject of this short review, is presented in Figure 1 [5]. Generally,
dendrimers are composed of three elements: (i) a core, (ii) branched dendrons and (iii) termi-
nal groups. They are most commonly synthesized using two different synthetic pathways: (i)
divergent or (ii) convergent (Figure 2). In the divergent approach, firstly the synthesis of the
functionalized core (or inner part of the dendrimer) takes part. Then this structure serves as
a scaffold for the synthesis of higher generation dendrimers. Convergent approach relies on
the synthesis of dendrons, which can be further attached to the earlier synthesized core. Some
synthetic chemistry techniques, including click chemistry are especially useful for the synthesis
of dendrimers [6].
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Figure 1. Schematic representation of dendrimer structure.

m . P‘\«”\/’Zﬂ
. ) 2 \!’IT’ L;%

Figure 2. Schematic representation of convergent (a) and divergent (b) method of dendrimer synthesis.

A system was proposed describing the specific branching architecture of dendrimers, with gen-
eral abbreviation AB, —where n stands for new branches that arise from anode. For example, AB,
and AB; states for two and three branches outgoing from each node, respectively. For graphical
description, see Figure 3 [6]. The most common dendrimers that can be found in the literature
are built of AB, building blocks. Among those to the most popular belong poly(amidoamine) —
PAMAM,, poly(propyleneimine)—PPI (also called poly(propyleneamine) —POPAM), carbosi-
lane and poly(L-lysine) —PLL dendrimers [7].

The core part of dendrimers may be a variety of molecules—starting with single atoms (like
nitrogen in some PAMAMEs), aliphatic chains, alicyclic or aromatic rings through polyaro-
matic moieties, inorganic frameworks, and ending with other polymers and peptides. The
core of a dendrimer can be simply a scaffold to which dendrons are attached. However, in
some cases, the core is a molecule that expresses its own activity and added dendrons modify
the periphery of the central molecule, thus affecting its physico-chemical properties (solu-
bility, photochemical and electrochemical properties, protection from enzymes, etc.) [8-12].
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Figure 3. Schematic depiction of dendrimer branching modes with examples.

Dendrons serve mainly as carriers for other compounds. The controlled release of drugs from
dendron-drug complexes can be modulated at certain pH values present in the environment
of living organisms. An acidic environment is often associated with cancerous tissues, which
was the subject of research by Wang et al. [13]. In this study, a potent and specific proteasome
inhibitor bortezomib was released from biocompatible modified PAMAM dendrimer com-
plex when triggered by the acidic environment of the tumour. End-group or terminal group
of a dendrimer is a peripheral functionalization of dendrimer. The outstanding feature that
makes dendrimers so special is the enormous amount of terminal groups in such a small mol-
ecule. The number of end-groups increases in exponential manner while the round molecule
size increases linearly. This is depicted in Table 1 for PAMAM dendrimer. Quite often the
structure of end-groups depends on the synthetic method applied (harsh reaction conditions,
protective groups) and the nature of the dendrimer building blocks [6].

Dendrimer end-groups can be easily modified. Modification changes their polarity and solu-
bility in different solvents. In this way, high toxicity associated with many free amino groups in
PAMAM and PPI dendrimers may be overcome by substituting them partially with non-toxic
moieties [15, 16]. Alternatively, appending the end-groups with hydrophobic substituents
may be considered, when they are intended to be utilized as carriers in hydrophobic formu-
lations. In this way, the toxicity of prepared dendrimer is kept at bay and its complexation
capabilities in hydrophobic mediums are increased. Utilizing this method, Hamilton et al. [17],
while studying potential proteomimetics for ophthalmic use, decorated hydroxyl-terminated
G5 PAMAM dendrimers with either dodecyl or cholesteryl moieties. Interestingly, use of
dodecyl chains highly increased the overall molecule toxicity, as assessed on Chinese Hamster
ovarian cells and pig lens epithelial cells. Cholesteryl-modified G5 PAMAM expressed toxicity
to a lesser extent and was less toxic against lens epithelial cells than unmodified dendrimer.
In another study, appending the hydrophobic Fréchet-type dendrimers with highly water-
soluble carboxylic salt groups enabled the use of them in hydrophilic solvents [8].

Alternatively, the end-groups may be substituted with active substances, targeting molecules
and others, that are relevant and needed for modern applications. Najlah and D'Emanuele
reviewed the literature on the subject of dendrimer-drug conjugates [18]. The main benefit
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Dendron Number of end-groups PAMAM dendrimer size [nm]

generation AB, dendron AB, dendron PAMAM Calculated [14] Experimental
dendrimer [7] hydrodynamic

diameter [7]

0 1 1 4 N/A 1.5

1 2 3 8 1.0 22

2 4 9 16 14 29

3 8 27 32 1.6 3.6

4 16 81 64 2.1 45

5 32 243 128 2.8 5.4

6 64 729 256 3.6 6.7

7 128 2187 512 4.5 8.1

8 256 6561 1024 5.7 9.7

9 512 19683 2048 6.8 114

10 1024 59049 4096 8.6 13.5

Table 1. Number of end-groups of dendrons for AB,, AB, and PAMAM dendrimers and the size of PAMAM dendrimers.

from combining APIs with dendrimers in such manner is that dendrimer-API conjugates
are more stable in various conditions as compared to their complexes based on non-cova-
lent bonds. A good example for covalent bonding of APIs to dendrimer surface groups is the
use of dendrimers as carriers for immunoactive peptides in the formation of vaccines. Such
approach has been successfully tested by Skwarczynski et al. [19]. They have synthesized G1
triazole-based dendrons bond to a tetravalent core and with B-cell epitopes as end-groups.
As this structure of amphiphillic properties was introduced to water solution, it assembled to
form micelles with hydrophobic inner shell and hydrophilic— peptide —outer shell. Another
type of terminal group modification concerns the use of targeting molecules, such as folic acid
for cancer cells. Majoros et al. [20] designed and synthesized PAMAM dendrimer that was
appended with several moieties—covalently bound drug (paclitaxel), target molecule (folic
acid) and an imaging agent (fluorescein isothiocyanate). It is worth noting that not all terminal
groups have to be modified at the same time. There are examples in the literature when the
synthesis of dendrimers was performed in a statistical manner, so that only part of end-groups
in dendrimer was modified, while the rest remained unchanged. Alternatively, convergent
synthetic approach enables to combine various dendrons or polymers into one dendrimeric
molecule. Such approach was successfully implemented by Albertazzi et al. [21]. Researchers
managed to obtain hybrid dendritic-linear block copolymers based on a 4-arm and 2-arm
polyethylene glycol (PEG) core. The 4-arm-based dendrimer showed significantly improved
DNA binding and gene transfection capabilities in comparison with the 2-arm derivative.

The plethora of different modifications that can be proposed makes dendrimers perfect
molecules for any chosen application with endless possibilities. For more insight into the
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potential applications of dendrimers and a broad spectrum of different properties of these
nanosized polymers, the reader can refer to the comprehensive reviews such as Ref. [5] or Ref.
[22]. Astruc et al. [5] broadly reviewed dendrimers designed for various functions and they
discussed many examples of dendrimers and indicated how their physical, photophysical
and supramolecular properties influence further applications in sensing, catalysis, molecular
electronics, photonics and nanomedicine. The biomedical applications of dendrimers refer to
the following areas: drug delivery, boron neutron capture therapy, photodynamic therapy,
photothermal therapy based on gold and iron oxide nanoparticles, medical diagnostics and
molecular probes (biosensors). It is worth noting that biomedical applications of dendrimers
have gained a lot of attention during the last quarter of the century. In addition to dendrimers’
own pharmacodynamic properties, especially promising is their possibility to be used as
nanocarriers of improved solubility in water, biodistribution, ADME profile and pharmacoki-
netics with many other desired properties including extended circulation time and enhanced
penetration and retention (EPR) property. Lately, dendrimers have been considered as agents
of anti-amyloidogenic potential, as non-viral vectors of oligonucleotides and siRNA for gene
therapy purposes and towards detection of IgE-mediated drug allergy reactions [5].

For pharmaceutical technology, dendrimers are mostly known for their carrier abilities. They
exhibit great complexation potential for biologically active compounds, drugs, dyes and metal
ions. Dendrimer carrier abilities for various chemical molecules (drugs, pigments, salts) com-
prise both drug encapsulation and chemical bonding to the periphery (Figure 4). Dendrimers
have already found some commercial applications, for example, as a component of sexu-
ally transferred diseases preventing gel (VivaGel), a non-viral transfection agent (Superfect)
and a contrast agent for MRI (Gadomer 17). Regardless of many potential uses and outstand-
ing properties, there are also some drawbacks associated with dendrimers and their broader
commercial use—these are usually time-consuming and expensive synthesis and purification
of higher generations of dendrimers. Also high concentration of functional groups on the
periphery debilitates its efficient modification [5, 18].
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Figure 4. Dendrimer carrier abilities: (a) compound encapsulation and (b) covalent bonding of compound to the periphery.
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3. Use of dendrimers against infectious diseases

3.1. Dendrimers as antibacterials and antifungals

Therapeutic efficiency of dendrimers as nanocarriers has been proved so far for, for example,
potent anticancer, nonsteroidal and anti-inflammatory, antimicrobial and antiviral drugs. In this
respect, two strategies have been applied for the application of dendrimers as drug carriers. The
first one was encapsulation of drugs inside dendrimers or their binding to peripheral groups
of dendrimers by electrostatic or ionic interactions. The second one concerned covalent bond-
ing of drugs to the periphery of dendrimers [5]. The antibacterial activity of dendrimers has
been already reviewed by Tiilii and Ertiirk [23] and Mintzer and co-workers [24]. The aim was
to highlight the diversity of dendrimer structural modifications that led to an increased per se
activity, as well as a decreased toxicity, thus prompting further applications in medical sciences.

Commercially available PAMAM dendrimers are effective antibacterial compounds (Figure 5).
Amino-terminated G2 PAMAM dendrimer revealed differentiated minimum inhibitory con-
centration (MIC) and minimum bactericidal concentration (MBC) activities against various
strains of Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis, Salmonella enterica,
Klebsiella pneumoniae and MDR-Shigella flexneri. Moreover, it exhibited little toxicity to human
gastric epithelial cells and did not induce antibiotic resistance in bacteria [25]. Unfortunately,
due to many amino end-groups, G3 and higher generation PAMAMSs were found to be highly
toxic to living organisms [25, 26]. To counter this, PAMAM dendrimers were modified in
other studies with hydroxyl end-groups or the syntheses were stopped at so-called half-gen-
erations, which resulted in ester group end-capped dendrons. It was noticed that such end-
group modifications affect the solubility of the desired dendrimers, while greatly decreasing
their toxicities and enabling their assessment for potential use in biological systems. Good
examples in this regard are the studies on PAMAM end-group modifications by Calabretta
and co-workers and Lopez and co-workers [15, 27]. In these studies, highly toxic G3 and
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Figure 5. Schematic representation of dendrimer action on bacteria and fungi.
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G5 PAMAM dendrimers with amino-terminated end-groups were partially substituted with
poly(ethylene glycol) chains. Such PEGylated dendrimers expressed significantly lower tox-
icities, while antibacterial activities against Pseudomonas aeruginosa and S. aureus remained at a
high level. In a similar manner, PAMAM dendrimers up to G4 were appended with aliphatic
NO-releasing moieties [28, 29]. Such hybrids were tested on bacterial biofilms of P. aeruginosa
[28, 29] and S. aureus [28] with positive results. It is worth noting that nitric oxide, which was
additionally released, increased overall antibacterial activity. In addition, tested dendrimers
revealed low-toxicity to mammalian cells.

A highly active but also toxic dendrimer is G4 PPI. Felczak et al. co-workers overcame its toxic-
ity by attaching maltose to 25 or 100% of all the amino end-groups [16]. The modified maltose-
appended PPI dendrimers were microbiologically assessed against S. aureus, S. epidermidis,
E. coli, P. aeruginosa, Candida albicans and found to be active against both bacteria and fungi
with the lowered toxicity assessed against a Chinese hamster fibroblast cell line (B14), human
liver hepatocellular carcinoma cell line (HepG2), mouse neuroblastoma cell line (N2a) and
rat liver cell line (BRL-3A). The PPI G4 dendrimer modified with 25% of maltose was found
superior to the 100% modified one in terms of antibacterial activity and demonstrated a strik-
ing selectivity towards S. aureus at the concentrations non-toxic for eukaryotic cell lines. As
the continuation of this study, the G4 PPI dendrimer appended in 25% with maltose was used
in combination with nadifloxacin against Gram-negative bacteria: E. coli, P. aeruginosa, Proteus
hauseri revealing an increase in the antibacterial activity of the latter. Similar to the previous
studies, the tested fluoroquinolone in dendrimer-complex was found to be less toxic than the
drug alone [30]. In another study, unmodified G4 PPI complex with ciprofloxacin was found
to increase quinolone activity at non-toxic concentrations to mammalian cells [31]. It is worth
pointing out that other quinolones (nadifloxacin and prulifloxacin) were also complexed with
dendrimers, like PAMAM (up to the 5th generation) [32]. Although, this combination did not
enhance the potency of these drugs against E. coli, an increase in their solubility was observed.

Another type of dendrimers, poly(phosphorhydrazone) dendrimers appended with PEG
chains were synthesized on a solid support provided by silica nanoparticles [33]. These com-
posites were used for hosting silver-based nanoparticles and assessed on the basis of their
antibacterial activity, which was found to reach Gram-negative (E. coli, P. aeruginosa) and
Gram-positive (S. aureus, Enterococcus hirae) bacteria. Wang et al. conducted a similar experi-
ment, although utilizing titanium dioxide-supported G5 PAMAMs that were also PEGylated
[34]. However, no silver addition was needed as the titania-supported composite tested as
the thin antibacterial film was found to inhibit growth of S. aureus and P. aeruginosa. Again,
phosphorus-containing dendrimers were synthesized by Ciepluch et al. [35] who obtained
viologen-phosphorus dendrons (viologen—4,4"-bipyridinium salts) built around a cyclotri-
phosphazene core, which were found to be active against Gram positive (S. aureus) and Gram
negative (E. coli, P. aeruginosa, Proteus vulgaris) bacteria, as well as against C. albicans.

An amino acid-based dendrimer [36] was found to exhibit low toxicity and high antibacterial
activity against usually resistant bacterial strains of Acinetobacter baumanii and P. aeruginosa,
including multidrug-resistant and extensively drug-resistant strains. Abd-El-Aziz et al. published
the synthesis of G0-G2 dendrimers built of melamine core, arene-cyclopentadienyliron-based
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dendrons and piperazine end-groups [37]. These dendrimers were assessed against drug-resis-
tant bacteria methicillin-resistant S. aureus (MRSA), Staphylococcus warneri and vancomycin-resis-
tant Enterococcus faecium (VRE). It is noted that the G2 piperazine end-capped dendrimer was
the most active. Interesting in its structure was polyanionic ether-based G1 dendrimer with lipo-
philic core, which was highly active against Gram-positive bacteria— Bacillus subtillis [38]. The
noteworthy point is that this dendrimer was found to exhibit low toxicity to healthy human cells.
Carbosilane dendrimers have also been found to be potent antimicrobials. Fuentes-Paniagua et
al. synthesized and investigated microbiological evaluation of dendrimers up to the 2nd genera-
tion with different terminal groups, which revealed promising MIC and MBC values against
S. aureus and E. coli [39].

Quite a lot of attention has also been given to so-called antimicrobial peptides. These are
short, naturally occurring peptides that exhibit high antimicrobial activity. Problems associ-
ated with the use of these compounds are related to their susceptibility to bacterial enzymes
and a not fully recognized mechanism of action. Reports published on this subject regarding
antibacterial activity of synthetic short dendrimeric peptides suggest the high potential of
such an approach. Lind et al. synthesized modified amino acid-based low-generation den-
drimers [40]. The compounds obtained in this study were assessed for their action against
S. aureus, E. coli and P. aeruginosa and proven active. At the same time, some hemotoxicity
was observed. Structurally similar peptide appended PLL dendrimers were the subject of
a study performed by Bruschi et al. [41] who synthesized a functionalized dendrimer that
showed promising potential as an antibacterial agent interacting with bacterial lipopolysac-
charide. It exhibited quite good activity against various Gram-positive strains and especially
high activity against Gram-negative strains with potency similar to lipopeptide antibiotics
like colistin and polymixin B. One of the most promising activities of dendrimers against
pathogenic fungi was reported by Staniszewska ef al. [42] who designed and synthesized an
amino acid-based dendrimer end-capped with tyrosine moieties for specific action against
fungi. This dendrimer was found not only to be active against reference and clinical strains
but also affected the virulence factors of Candida species.

Another approach of utilizing dendrimers in the fight against bacteria is to combine them
with other structures or compounds. In this way, PAMAMSs were combined with multiwalled
carbon nanotubes and CdS or Ag,S quantum dots to form novel hybrid materials [43]. Nano-
hybrids were found to be highly active against bacteria and the activity was found to be just
as high or higher than for each component alone. As a continuation of this study, authors
functionalized the surface of multiwalled carbon nanotubes with polyamide dendrons [44].
This composite material was used for synthesis of silver nanoparticles and then applied as a
carrier for these. Organic-inorganic hybrid was assessed and proven effective as antimicrobial
against E. coli, P. aeruginosa and S. aureus. PAMAM dendrimers were also numerously tested
with metals and their ions. The G2 and G3 PAMAMSs were utilized as a site for synthesis
of silver nanoparticles [45]. After grafting cotton with G2 PAMAM-nanosilver complex, the
material exhibited bactericidal activity against S. aureus and E. coli. In other studies, utilizing
polyester dendrimers for nano-silver formation, it was shown that the antibacterial activity of
the resulting dendrimer-silver nanoparticles was strongly dependent on the dendrimer gen-
eration [46]. Noteworthy is that nanoparticles that were stabilized by dendrimers exhibited
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no toxic effect on human epithelial cell line A549 as has been proven using 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Another nanosized composite was
developed by Strydom et al. [47]. They synthesized silver sulfadiazine nanoparticles stabilized
with the addition of G1, G3.5, G4 or G4.5 PAMAM dendrimers. Such nanoparticles in topi-
cal formulations were evaluated in terms of their antibacterial activity. The use of dendrimers
improved the activity of resulting material against Staphylococcus spp., E. coli and P. aeruginosa.
Another interesting work was published by Staneva and co-workers [48]. They managed to
append G1 PPI dendrimer with naphthalimide derivative. This nanostructure was found to
create complex with bivalent ions, such as zinc and copper. Both metal ion complexes exhib-
ited activity against Gram-negative and Gram-positive bacteria, as well as pathogenic fungi. A
further application of dendrimers was proposed by Zainul Abid and co-workers, who applied
PAMAM for water disinfection [49]. The antibacterial activity (E. coli, S. aureus, P. aeruginosa,
Bacillus subtilis) of the G1 dendrimer was increased by polymerizing it with ethyleneglycol
dimethacrylate to form polydendrimeric network. The resultant polymer exhibited very high
antibacterial activity at 10 mg/L in a matter of minutes. The amount of 100% bacteria was eradi-
cated within 2 minutes of incubation. Gangadharan et al. utilized dendrimers for water disin-
fection synthesizing them on a solid support [50]. They applied a divergent synthetic pathway
to dendrimeric poly-ethylene amine supported on polystyrene copolymer beads and assessed
its potential activity against both Gram-positive (S. aureus, B. subtilis) and negative (E. coli,
P. aeruginosa) bacteria. A decrease in bacterial cell viability was seen, yet the effect was strongly
dependent on the generation of supported dendrimers and their end-group functionalization.

Almost all dendrimers described in this chapter derive their high antibacterial and antifungal
activity from the so-called starburst effect. Dendrimers mentioned earlier are characterized by
the exponential growth of the number of terminal groups. Such a rapid increase in the number
of active sites of small molecules (by means of their volume) is the result of this phenomenon.
In case of dendrimers as antimicrobial drug carriers, dendrimeric formulations are often just
as effective or even more so on pathogens as a drug used alone. Use of dendrimers usually
results in prolonged release of the drug with simultaneously decreased toxicity comparing to
the parent compound. This can be clearly seen for a plethora of drug molecules. For example,
such a study was performed for sulfamethoxazole, which is a poorly soluble sulfonamide. Its
solubility increased in the formulations prepared with PAMAM dendrimers [51]. This increase
was generation-dependent. As the result of this change, an increase of sulfamethoxazole anti-
bacterial activity and sustained release of the drug were observed. Navath et al. carried out a
study with amoxicillin in modified G4 PAMAM formulation, which was found to be non-toxic
and enabled a sustained release of the drug in vitro [52]. The study was enhanced to in vivo
assessment on pregnant guinea pigs. The intravaginal dendrimer-amoxicillin biodegradable
formulation was found not to cause such adverse effects as necrosis or inflammatory response
in deeper tissues. Also, no pH change in application site was observed nor was any transfer
across the foetal membranes noticed. Amoxicillin was also the subject of the report by Wronska
et al. [53]. However, in this case the G3 PPI, either unmodified or maltose end-capped was
studied. Because of toxicity related to unmodified PPI dendrimers, results obtained for maltose
terminated PPIs are of significance. Antibacterial activity of drugs increased by the application
of the above mentioned combination. Another drug molecule of antimicrobial activity that was
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successfully solubilized by PAMAMSs was triclosan [54]. Although this formulation has not
been tested on bacteria, the amount of drug solubilized was remarkable and —as found in this
report—highly dependent on the pH of the analysed solution. Various interesting topical for-
mulations were prepared by Wroblewska and Winnicka with the use of erythromycin and G2
or G3 PAMAM dendrimers [55]. The formulations were optimized and their utility for therapy
proven by in vitro assessment against Enterococcus faecalis and different strains of S. aureus.
The same group continued their research with erythromycin and PAMAMs by attempting to
increase the antibiotic water-solubility [56]. In this study, PAMAM dendrimers were used to
solubilize erythromycin and tobramycin to form stable water solutions. While this goal was
achieved, a slight increase in antibacterial activity against Gram-positive bacteria (in this case,
S. aureus and E. faecalis) by means of MBC of solubilized erythromycin was observed. However,
tobramycin used with dendrimers exhibited unchanged or lower MICs and MBCs when com-
pared to the drug alone. One of the latest reports describes the development of the G4 PAMAM
containing lipid hybrid nanoparticle capable of transporting one of the most potent last-resort
antibiotics—vancomycin [57]. The results clearly indicate that the use of dendrimer carrier
increases vancomycin potency against MRSA. Moreover, Skwarczynski et al. developed a G1
triazole-based dendrimers, which were end-capped with B-cell epitope of Streptococcus pyo-
genes [19]. Such potential vaccine for Straphyloccus infection was found to be self-adjuvating by
forming micelle-like assemblies with dendrimer core, branches in the centre and peptides on
the periphery. Apart from of immunization properties, the authors suggest, that such approach
may be applied to other peptides in the preparation of vaccines for various diseases.

3.2. Dendrimers for treatment and prevention of virus-related infection

Dendrimers have been applied for treatment and prevention of virus-related infections
(Figure 6). The best-known dendrimer acting in an antiviral manner is probably SPL7013,
discovered by Starpharma, which is the active ingredient of VivaGel [58]. It is a G4 PLL den-
drimer with functionalized end-groups used in the form of a gel and marketed as condom
lubrication. SPL7013 successfully underwent second-stage clinical trials and was found to
prevent sexually transmitted diseases, most notably Human immunodeficiency virus 1 (HIV-1),
Herpes simplex virus (HSV) and Human papilloma virus (HPV). Recently, Starpharma claimed
to obtain results indicating prevention of Zika virus infection. Sanchez-Rodriguez et al. syn-
thesized second-generation carbosilane dendrimers, functionalized on the periphery with
highly anionic sulfonate groups or carboxy groups [59]. Both synthesized dendrimers when
applied to the vagina-derived human epithelial VK2/E6E7 cell lines and peripheral blood
mononuclear cells before exposure to HIV decreased its infectivity. The test conditions also
included physiological pH to prove their potential utility in protection against in vivo sexually
transmitted HIV infection. Authors discussed the superior activity of carbosilane dendrimers
as compared to PAMAMs, as carbosilane dendrimers do not induce inflammatory reaction,
which influences the infectivity of HIV. Structurally related compounds were also the subject
of investigation by Vacas-Cdérdoba and co-workers [60]. They synthesized the G1 carbosilane
dendrimer appended with sulfonated naphthyl groups and G2 carbosilane dendrimer with
sulphated end-groups and then assessed their action on HIV and its infectivity. The results
suggested that developed dendrimers decrease the infectivity rate of pre-treated peripheral
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Figure 6. Schematic representation of dendrimer action on viruses.

blood mononuclear cells when exposed to the virus. Authors concluded that poly-anionic den-
drimers act by electrostatic interaction with HIV proteins inhibiting the ability of the virus to
bind to target cells and thus its ability to internalize. In addition, the cell-to-cell transmission
was impaired, as assessed in a different test by co-culturing infected cells with healthy TZM.
bl cells (modified HeLa cell line especially prone to HIV infection). High capability to prevent
infection by the G1 dendrimer was also presented in the presence of seminal fluid [61].

Carbosilane dendrimers were also investigated in terms of other potential antiviral applications
[62, 63]. Knowing that dendrimers are excellent non-viral transfection agents, two polycationic
GI1 carbosilane dendrimers with different cores were assessed for gene therapy in order to inhibit
the development of ongoing HIV infection. Both dendrimers were found to exhibit properties
making them suitable for their planned use. Their non-toxicity was confirmed (MTT assay).
They were able to form complexes with nucleic acids and —as siRNA complexes —inhibit repli-
cation of HIV-1 and affect macrophage response, thus encouraging further study on this subject.

Antiviral PPI dendrimers were also assessed for potential anti-HIV treatment [64]. In this case,
dendrimers up to their third generation were modified on the periphery with anionic groups
such as carboxylate or sulfonate functional groups. Modified dendrimers were used to complex
bivalent metal ions: Cu?, Ni*, Co?" or Zn*. Metal complexes were assessed for their HIV infection
potential applying in vitro models of first and second infection barriers. Complexes exhibited high
inhibition rates and prevented internalization of HIV-1. Inhibition of the virus replication was
also observed. Han et al. synthesized a G3 PLL built on the core of ammonia and functionalized
with sulphated cellobiose as terminal groups [65]. The dendrimer was found to be non-toxic and



Dendrimer Structure Diversity and Tailorability as a Way to Fight Infectious Diseases
http://dx.doi.org/10.5772/67660

active against HIV, as revealed by in vitro MTT assay. Replacing ammonia core with long alkyl
stearylamide chain resulted in obtaining dendrimer with comparable EC,; values [66]. Recently
Cefia-Diez et al. published a review paper dealing with the topic of various dendrimers express-
ing antiviral activity against heparan sulphate-related viral diseases caused by HSV, HIV, HPV,
Hepatitis C virus and Human respiratory syncytial virus [67]. The authors concluded that all the den-
drimers analysed (i.e. amino acid-based dendrimers, glycodendrimers, PAMAMSs, carbosilane
dendrimers) were acting by means of preventing the virus entry to the cell.

Dendrimers have been also assessed as potential vaccine carriers. For an excellent review
on this subject, the paper by Heegaard et al. is recommended [68]. A very interesting study
on this subject was performed by Chahal et al. who modified a G1 PAMAM dendrimer with
long aliphatic chains [69]. Such functionalized dendrimer among other vaccine components
was used to prepare a formulation for transporting mRNA chains. In this way, a vaccine was
developed that was capable of providing protection with a one-dose application from HIN1
influenza virus, Toxoplasma gondii and Ebola virus. This was confirmed by performing in vivo
experiment and by comparing the results with bare mRNA vaccination. PAMAM formulation
was proven to increase stability of the vaccine by protecting nucleic acids from RNAses. The
vaccine was stable even after 30 days of storage. In another study, a vaccine against rabies
was developed by Ullas et al. [70] who used G3 poly-ether imine dendrimer to prepare a for-
mulation of rabies virus glycoprotein gene. The efficiency of the formulation was evaluated
by measuring the rabies virus neutralizing antibody levels in treated mice. Addition of den-
drimer resulted in 4.5-fold greater increase and thus all the mice that underwent rabies virus
challenge survived, while in the group treated with formulation without dendrimer only 60%
viability was observed. PLL dendrimers were the subject of research by Blanco et al. to create
a suitable vaccination for swine from foot-and-mouth disease virus [71]. They prepared G0
and G1 PLL dendrimers with T-epitope as a core and B-epitopes as terminal groups. Such
prepared functionalized dendrimer was found to offer 100% protection in virus challenge.

A quite different approach was undertaken by Yandrapu et al. [72] who exploited the drug
delivering properties of dendrimers. The G3.5 PAMAM was modified in the periphery with
cysteamine. Modified dendrimers were loaded with acyclovir, a known antiviral, and assessed
in vitro by means of drug release and mucoadhesive properties of the formulation. As in most
cases, use of dendrimer formulation resulted in sustained release of the drug. Although unmod-
ified dendrimer was characterized by higher acyclovir loading, presence of thiol groups was
crucial for increase of bio-adhesion. In a different study, G4 PPI dendrimers were modified in
the periphery by mannosylation and conjugation with sialic acid [73]. Functionalized dendrimer
was used as a carrier for zidovudine. This complex was found to be more effective than PPI
functionalized with only sialic acid or mannose and was also found non-toxic as well as zidovu-
dine being released in a prolonged manner. Dendrimers with antimicrobial activity and for vac-
cination are also of commercial value as can be seen by a number of patents on the subject [74].

3.3. Dendrimers in fighting off the parasitic/protozoa infection

The action of dendrimers on protozoa and parasitic infections is mostly unexplored areas in
comparison with their antiviral and antibacterial activity (Figure 7). There is also only limited

123



124 Nanostructured Materials - Fabrication to Applications

data on the drug delivery of compounds for treating such infections using dendrimer carriers.
Below is a summary and discussion of some reports on this subject.

Heredero-Bermejo et al. published a report regarding anti-trophozoite Acanthamoeba castellanii
activity of G0 and G1 carbosilane dendrimers with ammonium salts as terminal groups [75].
It was found that G1 dendrimer had the best effect on Acanthamoeba, with LD, at 0.193 ug/uL
after 24 hours of exposure.

Sulfadiazine is one of the drugs used for treatment of T. gondii infections. For a more efficient
method of this drug delivery, Prieto et al. assessed the possibility of using PAMAM:s for its
delivery [76]. They used commercially available G4 and G4.5 PAMAM dendrimers and loaded
them with sulfadiazine. Such complexes were assessed by means of their drug loading capabil-
ities, toxicity and in vitro activity. Each dendrimer was complexing up to 30 molecules of drug.
Dendriplexes decreased the infection, with the highest decrease for G4 PAMAM-sulfadiazine
at 30 nM concentration. In toxicity assessment, the G4.5 complex was found non-toxic, whilst
G4 (amino end-capped) was proven toxic at low concentrations, as shown in MTT assay with
Vero cells and murine macrophage-like cell line J774. In other studies, researchers focused on
Amphotericin B (AmB), which is a drug that possesses anti-leishmanial activity. Jain ef al. [77]
evaluated the G5 PPI with muramyl dipeptide-modified terminal groups for its potential use
as AmB carrier for treatment of leishmaniosis. Such formulation was compared to AmB com-
mercial formulations: Fungizone and AmBisome assessing its toxicity and antiparasitic activity.
The results indicated that this dendrimer significantly reduced the haemolytic toxicity of AmB
to human erythrocytes, as well as cytotoxicity against ]774A.1 macrophage cell line as shown
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Figure 7. Schematic representation of dendrimer action on parasitic/protozoa infections.
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by results of MTT assay. Simultaneously, G5 PAMAM-AmB formulation outruns commercial
formulations, as can be seen in tests against Leishmania donovani. Jain et al. continued their
efforts for finding a dendrimer capable of delivering AmB [78]. They reported G5 PPI den-
drimer partially end-capped with mannose groups. Dendrimer revealed good loading capac-
ity and AmB release was pH-dependent, as faster release was observed in acidic conditions.
Haemolytic toxicity (human erythrocytes) and cytotoxicity (J774A.1 macrophage cell lines in
MITT assay) of sole dendrimer and AmB-loaded dendrimer were assessed and the obtained
data revealed a decreased toxicity of AmB-dendriplexes, negligible haemotoxicity and no cyto-
toxicity of dendrimer. Experiments on BALB/c mice were then conducted to determine i1 vivo
properties: formulation pharmacokinetics, biodistibution, haematological toxicity and neph-
rotoxicity. These studies demonstrated that G5 PPI-mannose conjugate is a low toxic AmB for-
mulation, providing prolonged release of carried drug. AmB was also the object of interest for
Daftarian et al. [79]. They prepared G5 PAMAM bound to a targeting peptide —Pan-DR-bind-
ing epitope. Subsequently, such modified dendrimer was complexed with liposomal AmB in
different ratios. Formation of a desired complex was confirmed by DLS analysis and electron
microscopy. Cytotoxicity was tested on Hep2 cells and it was proven to be low. An in vitro and
later in vivo study on infected BALB/c and C57BL mice was performed to assess therapeutic
efficacy against Leishmania major infection. In the anti-leishmanial activity assessment, a six-
fold decrease in AmB dose for the same therapeutic effect was observed. Due to the designed
peptide terminal groups, AmB was more likely to accumulate in targeted cells.

It is worth noting that Wang et al. prepared a vaccine for Schistosoma japonicum infection [80].
To achieve this, they have end-capped a G4 PAMAM dendrimer with lysine, which greatly
decreased the cytotoxicity to human kidney transformed cells 293T. The G4 PAMAM:-lysine
was then used as a carrier for DNA vaccine, namely SjC23, and in vivo assessment on BALB/c
mice was conducted as a S. japonicum challenge after three prior immunizations. Dendrimer-
based vaccine was found to reduce worm levels up to 50% and liver eggs by up to 62%.

3.4. Dendrimers for sensing of infective microbes

Dendrimers were also considered as components of microbial sensing devices (Figure 8). Use
thereof as bacterial and viral presence has been reviewed by Satija et al. [81]. There is still
not much known regarding fungi sensing, as only few reports have been published to date.
Castillo ef al. developed a system of indirect detection of fungal presence by sensing aflatoxin
B,—a known fungal toxin [82]. The system was built of gold electrode coupled with sequential
monolayers of cystamine, glutaraldehyde, G4-PAMAM, glutaraldehyde and aptamers (syn-
thetic receptors). Dendrimers used to construct this sensor provided the signal amplification,
enabling the detection of aflatoxin B, in the concentration range 0.1-10 nmol. Use of different
mycotoxins proved that the detection system was specific only for aflatoxin B, as the response
was concentration-dependent in this case only. The second and last report regarding fungi
sensing with the help of dendrimers was published by Mejri-Omrani et al. [83]. The authors
described a system prepared for detection of ochratoxin A. The sensor was prepared with the
use of G4 PAMAM dendrimers and found to detect ochratoxin A in concentration up to 5 ug/L
with detection limit 2 ng/L. Developed sensor utility was confirmed in real food products tests.
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Figure 8. Schematic representation of dendrimer sensing.

Use of dendrimers for sensing parasitic presence was assessed by Perinoto et al. who devel-
oped a device suitable for sensing Leishmania infections in infected BALB/c mice serum sam-
ples [84]. The sensor was built by depositing in sequence several layers of G4 PAMAMSs and
liposomes containing antigenic proteins on a gold electrode. The device was able to detect
Leishmania amazonensis antibodies in concentration as low as 10~ mg/mL and the specificity
of the sensor allowed it to distinguish between leishmaniasis and Trypanosoma cruzi infection.

4. Conclusions and perspectives

In recent years, dendrimers, which represent a distinct class of polymers, have gained con-
siderable attention from medicinal chemists and pharmaceutical technologists, mostly due
to their known and potential applications for medicine. Although there are still many unre-
solved issues on the topic of dendrimers, our goal in this review was to discuss selected
modifications of dendrimers dedicated to the prevention and fighting of infections caused by
bacteria, fungi, viruses and parasites.

A great increase of dendrimer-related research is to some extent bound to their commercial
availability (mostly PAMAMSs) as well as novel and efficient methods of their synthesis. In this
regard, the development and commercial availability of various innovative building blocks for
the synthesis of full-grown dendrimers is especially important. Dendrimer chemistry continues
to develop year by year and many research groups and companies are interested in studying
their properties and potential uses. In this chapter, many potential and practical applications of
dendrimers in prevention of diseases, diagnostics of microbes have been discussed.

Based on the reviewed literature, dendrimers have proven to be useful in many ways. The
starburst effect of nanopolymers obtained is magnified exponentially, resulting in unprec-
edented outcomes. A plethora of various studies on PAMAMs revealed how the dendrimers
activity and toxicity changes upon a slight modification in their structure. Formation of den-
driplexes quite often increases the biological activity of both dendrimer and encapsulated
drug molecules. Furthermore, discoveries in the field of dendrimers encourage various stud-
ies in pharmaceutical technology on poor water-soluble APIs, which otherwise would not
be considered useful for clinical practice. Moreover, there is still much to be done in regard



Dendrimer Structure Diversity and Tailorability as a Way to Fight Infectious Diseases 127
http://dx.doi.org/10.5772/67660

to Gram-negative bacteria. Because of differences in cell wall structure, they are not as sus-
ceptible to anti-bacterials and disinfectants as their Gram-positive counterparts. In addition,
studies published on dendrimers do not point out their mechanism of action. Based on the
non-specific action of dendrimers on bacteria and fungi, one cannot assume that dendrimers
always exhibit an identical mechanism of action on these organisms.

Only a few reports deal with the subject of infective fungi and there is almost none regarding the
parasitic and protozoan infections. Systemic fungal infections are on the rise in developed coun-
tries because of the increasing use of immunosuppressive drugs after transplantations and due
to opportunistic infections associated with HIV infected people suffering from AIDS. In terms of
viruses, the research on the application of dendrimers for the improvement of vaccines is very
important. As for parasites, encouraging are studies aimed at developing diagnostic methods
for the detection of these organisms. Generally, high possibilities of modifying dendrimer core,
branches and terminal groups, as well as development of methods on combining them with
other active moieties make them unique and highly promising molecules for future use.
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Abstract

The development of polymer nanocomposites has advanced, especially due to their new
properties after nanoparticle incorporation. Many nanocomposites composed of syn-
thetic polymers and/or biopolymers have been studied after incorporation of a diversity
of nanoparticles, which differ in form, shape, surface area and chemical organization.
In this chapter, some examples of nanocomposites based on poly-vinyl alcohol (PVA);
polycarbonate (PC) and matrixes of dental resins are presented. These nanocomposites
could be obtained by three basic methods: in situ polymerization, solution casting and
melt extrusion. The best method is determined by the relation and route to the polymer-
nanoparticle pair. The dispersion and distribution of nanoparticles in the polymer matrix
is the key to obtaining new materials with synergism of compounds properties. This
synergism depends on how strong is the intermolecular interaction between the polymer
matrix and nanoparticles. The evaluation of new nano systems can be done by different
techniques, usually microscopy, X-ray diffraction, thermal analysis and so on. Low-field
NMR relaxometry has been used to evaluate polymer nanocomposites. This technique
provides valuable information related to the interaction of the nanoparticles with the
polymer matrix, and it also indicates the dispersion and distribution of these nanopar-
ticles in the matrix.

Keywords: nanocomposites, polymer, spin lattice relaxation

1. Introduction

Development of polymer nanocomposites has advanced quickly because these new materials
normally present better properties when compared to pure polymers and/or polymer compos-
ites, due to the new architecture. Many natural polymers, synthetic polymers, biopolymers, and
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elastomers have been used to prepare these materials, containing different nanoparticles incor-
porated in them, depending on the application [1-9]. To obtain these new materials with good
characteristics, it is necessary to choose the right polymer-nanoparticle pair and preparation tech-
nique, because the new architecture depends on this.

To generate polymer nanocomposites, the following important information on the compo-
nents need to be considered in order to understand the behavior of the new materials: (i)
polymer mass; (ii) polymer chemical structure; (iii) polymer semi-crystallinity; (iv) polymer
chemical solubility; (v) polymer thermal stability; (vi) nanoparticle surface area; (vii) nanopar-
ticle chemical structure; and (viii) nanoparticle dispersion. There are several methods to obtain
these materials, the most common being in situ polymerization, solution dispersion (including
nanoprecipitation and spray drying) and melt extrusion. Each process has its own particular-
ity. But the essence of all polymer nanocomposites is the final morphology, irrespective of the
process, which depends on polymer-nanoparticle interactions that will promote good disper-
sion and distribution of the nanoparticles in the polymer matrix [10-14]. The final morphol-
ogy also depends on the process of obtaining the polymer nanocomposite.

2. Different methods for synthesis of polymer nanocomposites

2.1. In situ polymerization

This method normally is suitable for polymers that cannot be produced economically or safely
by solution methods because the solvents used to dissolve them are highly toxic. This method
promotes good dispersion and distribution of the nanoparticles in the polymer matrix [10, 15].
Some important aspects of this method should be pointed out. The first is related to the cost
of the process, which can require some changes compared to the normal polymer synthesis.
Care is also necessary to choose the most appropriate catalyst. The apparatus used can be the
same for polymerization without nanoparticles.

2.2. Solution method

This is a good method when the solvent used is less toxic (chloroform, acetone, alcohol or
water). In this method, different quantities of nanoparticles can be dispersed due to the good
interaction with the solvent and polymer. This is the easiest method to obtain good nanocom-
posites. Some care must be taken in the manipulation of the solvent since it must be completely
eliminated afterward [8, 11, 13, 16]. The necessary apparatus (Figure 1) is very simple.

One interesting method is a combination of solution dispersion and spray drying. The disper-
sion containing the nanoparticles in the polymer solution, after some time for homogenization,
is injected in the spray dryer, which dries the material into a powder. The major drawback of
this technique is the final yield of the material. However, this procedure occurs in just one
step after all conditions are adjusted and the final material presents good dispersion and dis-
tribution. In this process, drugs can be injected together with nanosystems for controlled or
targeted delivery. The equipment used in this process is shown in Figure 2.
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Figure 1. Scheme of obtaining polymer nanocomposites by the solution method.
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Figure 2. Scheme of obtaining polymer nanocomposites by spray drying.
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2.3. Melt extrusion

This method has a major advantage in relation to the others since no solvent is necessary.
However, the quantity of nanoparticles to be dispersed is very important. This method requires
close monitoring of the nanoparticles” dispersion, because these agglomerate easier than in
other methods. The apparatus is the same used for polymer processing without nanoparti-
cles. Therefore, the researcher needs to pay attention to the temperatures used so as not to
degrade the polymer during extrusion and also must pay attention to the time necessary for the
nanoparticles to disperse properly. For natural polymers and few biopolymers, the degrada-
tion and melting temperatures are very close [7, 12, 17]. A typical extruder is shown in Figure 3.
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Figure 3. Scheme of obtaining polymer nanocomposites by melt extrusion.

3. Examples of obtaining nanocomposites by different methods and
determination of their characteristics

This section gives examples of the three methods and discusses a new technique for their
characterization: nuclear magnetic resonance relaxometry to measure proton spin-lattice
relaxation time, with a time constant of T H.

The spin-lattice relaxation time is the time that the longitudinal magnetization takes to recover
about 63% of its initial value after being flipped into the magnetic transverse plane by a per-
pendicular radio-frequency pulse. This is an enthalpy process where the energy of the spins
is passed to the whole network to which the material conforms. Thus, T H can indicate the
change in molecular mobility caused by intermolecular interactions and the distribution of
the components of the material. Longer times refer to more rigid domains and shorter times
indicate greater mobility [4-8, 18].

3.1. In situ polymerization

Obtaining poly-vinyl alcohol (PVA) and clay systems and use of relaxometry: The nanomateri-
als were prepared by in situ polymerization employing different clay ratios, from 0.25 to 10%
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w/w. Solutions of vinyl acetate were poured into Erlenmeyer flasks containing the clay disper-
sions. After 2 hours of heating at 60-65°C, 5 ml of benzoyl peroxide solution in methanol was
add to acetate vinyl solution and the polymerization reaction occurred during 24 hours.

The main characterization was performed by measuring T,H, with the following conditions.
The Free Induction Decay (FID) amplitude was 40 points, ranging from 0.1 to 5000 ms, with
four measurements for each point and a recycle interval of 5 s. Table 1 reports the T,H values
for PVA and its nanocomposites with clay obtained by in situ polymerization.

Analysis of the T,H data for the PVA-clay systems of the material containing 3% clay showed
a significant decrease in the relaxation parameter, indicating good interaction between clay
lamellae and the polymer matrix, in turn promoting good dispersion and distribution of the
nanoparticles in the polymer matrix. The nanocomposite formed was exfoliated since the
polymer’s main chains were free to move around the clay lamella. This can also be explained
by the presence of a paramagnetic metal in the clay structure, which acts as a relaxing agent.
After this proportion, a tendency to increase the relaxation value was observed, showing that
these proportions produce a predominance of intercalated chains, because they are not free to
move since they are constrained among the clay lamellae.

3.2. Solution method
3.2.1. Obtaining PVA-clay films by solution casting

The films obtained by solution casting were prepared mixing a polymer solution and clay dis-
persion in water. After homogenization of both the solution and dispersion, the solvent was
eliminated by heating in oven at 80°C. The films were also analyzed by measuring the proton spin-
lattice relaxation time (Table 2) employing the same conditions as for the in situ polymerization.

According to the relaxation data in Table 2, the same behavior was found for the samples gen-
erated by in sifu polymerization. Therefore, the effect was more pronounced and the samples
obtained by solution intercalation showed better exfoliation for 3 and 5% clay in the PVA
matrix. For 5% clay, the dispersion and distribution of the clay lamellae in the polymer matrix
were very good and a predominance of exfoliated nanocomposite was obtained for both pro-
portions, although at 5% this was more accentuated.

Sample/PVA-clay T,H (ms)
PVA 115
PVA-0.25 110
PVA-0.75 120
PVA-1.5 105
PVA-3.0 100
PVA-5.0 105
PVA-7.0 115

Table 1. T,H values for PVA and its nanocomposites obtained by in situ polymerization.
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Sample/PVA-clay T, H (ms)
PVA 120
PVA-0.25 115
PVA-0.75 105
PVA-1.5 105
PVA-3.0 95
PVA-5.0 70
PVA-7.0 90

Table 2. T H values for PVA and its nanocomposites obtained by solution casting.

3.2.2. Obtaining PC-organoclay films by solution casting

The PC films and PC-organoclay were obtained using chloroform as solvent and mixing
the polymer solution and organoclay dispersion. The films were dried at room temperature
under air circulation and the materials obtained were evaluated by measuring the T,H values.
The results are listed in Table 3.

Evaluating the T,H Values, one can see that the incorporation of the organoclay in the poly-
carbonate through intercalation by solution promoted the generation of mixed nanomate-
rials, that is, with an exfoliated part and intercalated part, since there was no significant
decrease in the spin-lattice relaxation time of the hydrogen nucleus, except at the proportion
of 5%, which presented a higher degree of exfoliation. This can be explained because when
the polymer chains are around the clay lamellae, the metals present in the clay composition
(such as iron, calcium and magnesium) act as relaxing agents, causing a decrease in the relax-
ation times.

3.2.3. Obtaining PC-TiO, films by solution casting

Films of PC and PC-TiO, were obtained using chloroform as solvent by mixing the polymer
solution and TiO, dispersion. The films were dried at room temperature with air circulation
and the materials obtained were evaluated by measuring the T,H values. The results are listed

in Table 4.

Sample/PC-organoclay (%) T,H (ms)
PC 100

PC-1 105

PC-3 90

PC-5 95

Table 3. T H values of PC films and PC-organoclay obtained through solution casting.
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Sample /PC-TiO, (%) T,H (ms)
PC 100

PC-1 95

PC-3 98

PC-5 90

Table 4. T H measurements of PC and PC-TiO, films.

The addition of titanium dioxide caused a greater decrease in the spin-lattice relaxation time
of the hydrogen nucleus, mainly at the 5% ratio, which can be related to good dispersion of
this oxide in the polymer matrix.

3.3. Melt extrusion
3.3.1. Obtaining PC-organoclay systems by extrusion

The materials were processed in a twin-screw extruder. The polymer and the organoclay (PC/
organoclay) were mixed together at 270°C. The relaxometry characterization was done by
measurement of T H (Table 5).

In the melt intercalation at 270°C, the systems containing 3 and 5% organoclay showed forma-
tion of hybrid nanomaterials with some tendency of exfoliation. This system, when compared
to the same system obtained by solution, presented higher intercalation.

3.3.2. Obtaining PC-TiO, systems by extrusion

The PC/TiO, systems were processed in a twin-screw extruder at 270°C. The relaxometry
characterization was done by measuring T, H. The results are reported in Table 6.

The addition of titanium dioxide did not interfere in the relaxation time of the polymer matrix,
so the values are similar to those for PC. This behavior may indicate that the particles were not
well dispersed in the polymer matrix, probably because the processing temperature was not
high enough to promote good dispersion of the particles in the polymer matrix.

Sample/PC-organolay (%) T,H (ms)
PC 95
PC-1 95
PC-3 90
PC-5 90

Table 5. TH measurements of the PC-organoclay nanocomposites obtained by melt intercalation.
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Sample/PC-TiO, (%) T, H (ms)
PC 95
PC-1 93
PC-3 95
PC-5 93

Table 6. T H measurements of the nanocomposites formed by PC/TiO, obtained by melt intercalation at 270°C.

4. Some applications of nanocomposites

Nanocomposite materials can be applied in many areas, such as manufacture of plastic arti-
cles, medical devices, drug delivery systems, dental materials, military materials, sensors,
automotive parts, biodegradable materials and others. In the health area, the use of these
materials has been gaining prominence in recent years. The application of nanotechnology
enables earlier diagnosis and better treatment of some diseases. The principal application of
this technology involves controlled drug release and restoration or regeneration of tissues
(epithelial, bone and dental tissues) [19-22].

4.1. Dental restoration

The incorporation of nanoparticles in dental composites has led to important improvements in
clinical practice. The application of nanoparticles in these materials can improve mechanical
properties, surface smoothness and gloss and reduce the polymerization shrinkage [23-25].

Mechanically speaking, the incorporation of nanoparticles in dental composites can improve
several properties, such as wear resistance, elastic modulus, flexural strength, diametral
tensile strength and fracture toughness. The use of nanotechnology in polymeric materials
includes the use of many nanofiller types and several studies have shown the ability of these
fillers to increase the hardness and decrease the roughness of the final restoration.

The use of nanocomposites in dental restoration aims to mimic the natural composition of the
tooth tissues. The human teeth are formed mainly by two highly mineralized tissues, dentin
and enamel (Figure 4). These tissues have an inorganic portion composed mainly of natural
calcium-based nanoparticles such as hydroxyapatites and calcosperites.

The enamel is formed mostly (96-99%) of hydroxyapatite nanocrystals. Dentin, on the other
hand, has a more complex composition, presenting lower percentage of nanohydroxyapatite
and calcospherites, which compose about 70% of the tissue. They are dispersed between the
organic matrix, which is composed mainly of extracellular matrix and collagen fibrils.

The following example provides a better understanding of the role of nanoparticles in the
properties of dental restorative materials.
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Figure 4. Dental tissue structure.

4.1.1. Dental resin with nanoparticles

To obtain these systems, a standardized resin matrix was used containing a mixture of bisphe-
nol A glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA) and triethylene
glycol dimethacrylate (TEGDMA) in the proportion 35:40:25wt%, associated with a cam-
phorquinone as photoinitiator. As fillers were organo-modified clay and organo-modified
silica. These nanoparticles presented diameters between 100 and 200 nm and thickness of 1
nm for the clay and a diameter of 16 nm for the silica.

In all groups, the proportion of nanofiller in the matrix was 2.5, 5 or 10% wt/wt to evaluate the
influence of nanofiller in these systems. The resulting materials were compared with a resin
with alumino-silicate microfillers (4 pm) [26-32]. The filler and matrix were mixed using a
centrifugal mixing device. After obtaining these systems, they were evaluated by measuring
the microhardness of each one.

In the Knoop hardness test (Figure 5), the best results were attained for the resins containing
nanoparticles for all concentrations evaluated. Among the nanoparticle concentrations, the
most promising results were observed in the groups containing 2.5% nanoclay and in groups
containing 10% silica.

The addition of these fillers increases mechanical properties because they have a higher rela-
tive surface area than micro-particles. In this case, when the nanofiller presents good inter-
molecular interaction with the polymer matrix, it can be better dispersed and distributed,
producing a larger polymer/nanofiller interfacial area and facilitating the transmission of
forces between them.

The resin’s properties need to mimic as closely as possible the physical and mechanical char-
acteristics of dentin and enamel, so that the restorations can resist occlusal stresses. Materials
containing nanoparticles are a promising alternative since the particles promote a greater
durability and longevity of restorations.
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Figure 5. Knoop hardness results of dental resins with clay and silica nanoparticles.

4.2. Drug delivery systems

Polymeric nanoparticles or nanocomposites have promising features for drug delivery sys-
tems, including longer drug circulation time, better targeting to a specific tissue and reduced
toxicity and adverse events, making disease treatment more tolerable to patients [19, 21].

In this context, nanocomposites using clay particles have drawn interest in recent years due to
the significant changes promoted by small amounts of clay. These loads have several applica-
tions, including in polymer matrices aiming at improving mechanical properties, as also seen
for dental restorations. To better understand the role of clay nanoparticles in drug delivery
systems, the following example can be cited.

4.2.1. Chlorhexidine/nanoclay adhesive systems

To obtain these systems a standardized adhesive matrix composed of a dimethacrylate copo-
lymer was used. The drug chlorhexidine diacetate was added to this material in the presence
or absence of nanoclay particles. The nanofiller was used at 0.2% wt/wt in relation to the
matrix, and the drug was tested in two different concentrations (0.5 and 1.0% wt/wt).

The in vitro drug release profiles of the systems containing chlorhexidine and doxycycline in the
presence or absence of clay nanoparticles were analyzed and the results are shown in Figure 6.

The systems containing clay allowed prolonged drug release. This behavior occurs due to
the lamellar conformation within the polymeric matrix. The clay layers interfere in the pref-
erential diffusion pathways of the drug, creating more tortuous pathways, delaying the drug
diffusion (Figure 7). Thus, after the release of the more external drug molecules, the more
internal ones will be gradually released.
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Figure 7. Schematic representation of drug release in the absence and presence of clay lamellae.

5. Polymer nanocomposite degradation

The statement that “polymers do not degrade” is not correct. Polymers are a large group of
macromolecules and this group can be split into some categories: natural polymers, biopoly-
mers, synthetic polymers and elastomers. Biopolymers without treatment degrade faster than
synthetic polymers. This characteristic makes them attractive as substitutes for many products.
The main degradation agent is oxygen, but it is not alone. Light, stress and bio-organisms can
have the same effect. Each kind of degradation has a specific agent or combination of agents.
In this context, the following causes of degradation are highlighted:
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(a) Photodegradation: This is the degradation process that happens when the polymer mol-
ecules absorb photons from sunlight [33-36].

(b) Oxy-degradation: This degradation is caused by the action of oxygen on the materials,
as happens to metals. In practice, it is easy to confirm this degradation because it can
promote the appearance of chromophore groups that change the material’s color [33, 35].

(c) Photo-oxy-degradation: This degradation process is a combination of the two previous
ones. In some polymers, after the light radiation creates free radicals the oxygen reacts
with them, generating carbonyl groups [33, 35].

(d) Biodegradation: It is caused by the action of enzymes produced by microorganisms in
materials susceptible at enzymatic rupture [37].

(e) Thermal degradation: High temperature gives molecules energy, which vibrates and de-
forms them, but it also can break the chain bonds, prompting the loss of properties. It
depends on the chemical structure and molar mass [38].

(f) Chemical degradation: Each polymer has its own chemical structure and this structure
is susceptible to chemical attack that can change or break the molecular structure due to
the interaction with chemical compounds that are stronger than the chemical bond [39].

Nanoparticles have different properties. Their small size changes many properties of materi-
als, even in small amounts. The interactions between matrix and nanoparticles can promote
interesting results.

Polymer nanocomposites often present synergism between the polymer and nanoparticles,
which can change how the matrix degrades. This characteristic can extend or shorten the life
of the biopolymer matrix, enabling tailoring materials for specific uses. For instance, faster
degradation reduces the pollution generated by these materials [39].

5.1. Clay polymer nanocomposites

Various types of clay are widely used because they are versatile and can cause chemical modi-
fication of the matrix by changing the exchangeable cations. The small size of clay nanopar-
ticles promotes better compatibility between clay and polymer matrix. This helps to disperse
the clay in the matrix, which can reduce photo-oxy-degradation by acting as a physical barrier
to oxygen and reflecting UV light because of the particles’ large aspect ratio. Also, they can
reduce the effect of thermal and chemical degradation due to stronger interactions between
clay and matrix.

5.2. Silver nanocomposites

Silver in nanoscale has bactericidal properties and provides UV light protection. This former
happens because in nanoscale the asepsis of the oligodynamic effect is improved, killing bac-
teria. The latter effect is due to reflection of light, blocking photodegradation.
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5.3. Silica nanocomposites

Silica is hydrophilic due to the presence of Si-OH. It can be used to speed up the degradation
of synthetic polymer matrixes by microorganisms that need water. Alternatively, the surface
can be modified to change it from hydrophilic to hydrophobic, thus improving the resistance
of biopolymers against microorganisms.

5.4. Carbon nanotube nanocomposites

Carbon nanotubes can have a single wall (CNTs) or multiple walls (MWCNTs). These nano-
particles are commonly used to change polymers that are nonconductors to semi-electrical
conductors. Also, CNTs improve the resistance of polymers to UV degradation, mechanical
stress and chemical degradation as well as reducing thermal stress.

6. Final Comments

The focus of this chapter has been on providing a basic understanding of polymer nanocom-
posites, especially methods to obtain them, with some examples of each one, and comparing
the results obtained by each method for the same polymer system and the effects of degrada-
tion in the presence of each nanoparticle cited. It also covers low-field NMR relaxometry, a
characterization tool that can efficiently evaluate nanoparticles’ dispersion and distribution in
the polymer matrix, according to the preparation method.
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Abstract

In this work, nanostructured ZnCo,O, was synthesized via a microwave-assisted colloi-
dal method, and its application as gas sensor for the detection of CO was studied. Typical
diffraction peaks corresponding to the cubic ZnCo,O, spinel structure were identified at
calcination temperature of 500°C by X-ray powder diffraction. A high degree of poros-
ity in the surface of the nanostructured powder of ZnCo,O, was observed by scanning
electron microscopy and transmission electron microscopy, faceted nanoparticles with
a pockmarked structure were clearly identified. The estimated average particle size was
approximately 75 nm. The formation of ZnCo,O, material was also confirmed by Raman
characterization. Pellets fabricated with nanostructured powder of ZnCo,O, were tested
as sensors using CO gas at different concentrations and temperatures. A high sensitiv-
ity value of 305-300 ppm of CO was measured at 300°C, indicating that nanostructured
ZnCo,0, had a high performance in the detection of CO.

Keywords: spinel, nanoparticles, cobaltite, sensors, characterization, synthesis
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1. Introduction

Gas sensors technology has numerous applications in the automotive, industrial, domestic,
and security sectors. In the automotive and industrial sectors, gas sensors are necessary to
detect toxic and harmful gases for environment protection and human health (i.e., carbon
monoxide). Sensor materials based on semiconducting metal oxides are one of the several
technologies being used in the detection of pollutants [1]. This type of oxide materials is suit-
able for gas sensor applications due to their interesting structural, functional, physical, and
chemical properties. To date, reports indicate that n-type semiconductor materials, such as
Sn0O, [2, 3], ZnO [4], and TiO, [5] are most studied in gas sensing area. By contrast, a limited
amount research works on p-type oxide semiconductor gas sensors have been found, the
most studied being CuO, Co,0,, and NiO [6]. However, some sensor parameters such as gas
sensitivity and working temperature still need to be improved. Therefore, additional stud-
ies are needed to improve the gas sensing characteristics of p-type semiconducting oxides
by modifying factors such as synthesis conditions, structure, morphology, and composition.

Among the p-type semiconductors, zinc cobaltite (ZnCo,0,) is a material with spinel-type struc-
ture, which has been mainly used as electrode for Li-ion batteries [7-11] and supercapacitors
[12-15], due to its higher electrochemical performances and higher conductivities. To date, sen-
sor devices based on nanostructured spinel ZnCo,0, have particularly exhibited an excellent
sensitivity toward liquefied petroleum gas [16-18], ethanol [19, 20], acetone [21], Cl, [22], form-
aldehyde [23], and Xylene [24]. Additionally, several references [18-21, 25] reported its poor
sensitivity to carbon monoxide (CO). On the other hand, a variety of synthesis methods have
been developed on the preparation of ZnCo,O, such as combustion [7], thermal decomposi-
tion [17], co-precipitation/digestion [18], W/O microemulsion [22], hydrothermal [9, 14], sol-gel
[26], and surfactant-mediated method [27]. Recently, the colloidal route assisted by microwave
radiation has provided an efficient and low cost synthesis method to obtain different types of
nanostructured materials [28-31]. In this simple synthetic process, the addition of a surfactant
agent plays a key role in the material's microstructure because the surfactant's ligands adsorb
on the particles' surface inhibiting the particle growth and modifying the particles' microstruc-
ture [31-34]. Also, microwave radiation provides a rapid evaporation of the precursor solvent
and a short reaction time in comparison with conventional heating [35, 36]. With this in mind,
the synthesis of nanostructured ZnCo,O, was done via a microwave-assisted colloidal method
using zinc nitrate, cobalt nitrate, dodecylamine (as surfactant), and ethanol. Consequently,
nanostructured ZnCo,0, powder was characterized by X-ray powder diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), and Raman spec-
troscopy. The potential application of nanostructured ZnCo,0, as gas sensor was studied by
measuring its sensitivity toward different CO concentrations and working temperatures.

2. Synthesis, characterization, and gas sensing application of ZnCo,0,

2.1. Synthesis

For the preparation of nanostructured ZnCo,0O, by microwave-assisted colloidal method, first,
0.947 g of Zn(NO,),-xH,O (Zinc nitrate hydrate), 2.91 g of Co(NO,),-6H,O (cobalt nitrate
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hexahydrate), and 1 g of C ,H, N (dodecylamine) were dissolved separately in 5 mL of ethanol
and kept under stirring for 20 min, at room temperature. Then, the cobalt nitrate solution was
added drop wise to the dodecylamine solution under stirring. Then, the zinc nitrate solution
was slowly added, producing a wine color solution with pH = 2. This resulting colloidal solu-
tion was stirred for approximately 24 h. Then, the solvent evaporation was made by a domes-
tic microwave oven (General Electric JES769WK) operated at low power (~140 W). During the
evaporation process, microwave radiation was applied for a period of 1 min, over a period of
3 h. The resulting solid material was dried in air at 200°C for 8 h using a mulffle-type furnace
(Novatech). Finally, the obtained powders were calcined at 500°C for 5 h. For each thermal
treatment, a heating rate of 100°C/h was used. The resulting powders were black. The general
synthesis process is illustrated in Figure 1.

2.2. Experimental techniques

The structural characterization was performed by XRD using a PANalytical Empyrean sys-
tem (CuKa, A =1.546 A). The XRD patterns were recorded, at room temperature, in the 260
range of 10-70° using a step size of 0.02°. The morphological characterization was made by
SEM, TEM, high-resolution transmission electron microscopy (HRTEM), energy-dispersive
X-ray (EDS), and high-angle annular dark-field/scanning transmission electron microscopy
(HAADEF-STEM). For SEM studies, a FEI-Helios Nanolab 600 system operated at 20 kV
was used, while a FEI Tecnai-F30 system operated at 300 kV was used for TEM, HRTEM,
EDS, and HAADEF-STEM analysis. The optical characterization was done by Raman spec-
troscopy using a Thermo Scientific DXR confocal Raman with a 633 nm excitation source.
The Raman spectrum was recorded from 150 to 800 cm™, at room temperature, using a
Laser power of 5 mW. The gas response (sensitivity) was acquired on pellets of ZnCo,O, in
the presence of several concentrations (1, 5, 50, 100, 200, and 300 ppm) of CO. The sensor
devices were fabricated with 0.350 g of the nanostructured powder of ZnCo,0,, forming
pellets with a thickness of 0.5 mm and a diameter of 12 mm. A TM20 Leybold detector was
used to control the gas concentration and the partial pressure, and a digital-multimeter
(Keithley) was put into use for the measurement of the electric resistance. A general sche-
matic diagram of the gas sensing measurement system is shown in Ref. [33]. The sensitivity
was defined as S = Ra/Rg, where R is the resistance measured in air and Rg is the resistances
in gas [21, 24].

Solvent
Colloidal solution evaporaton
e AAA
— 3 Stiming for — T ——
24 h
8 CofNO.1-6H.0 Microwave

urRdkalion
Zn(N0,),6H,C . .
: I.:_“H hi.l_ 0 Q&‘__ \ Drying at i?‘gc far 8 h ZI'IC[};.D_.
= ar o
e Y A (il |

calcination at 500 *C por 5 h

Figure 1. Schematic illustration of the synthesis of ZnCo,0,.
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2.3. Structural analysis

Figure 2 shows a typical XRD pattern of the ZnCo,0, powder obtained at a calcination tem-
perature of 500°C. In this pattern, the main phase detected was the ZnCo,O, crystal structure,
which was identified by the JCPDF #23-1390 file. The sharp and strong peaks indicated a good
crystallinity of the ZnCo,0, sample. The diffraction peaks corresponded well to the (111),
(220), (311), (222), (400), (422), (511), and (440) planes of the ZnCo,O, spinel phase situated at
20 =18.95°, 31.21°, 36.80°, 38.48°, 44.73°, 55.57°, 59.28°, and 65.14°, respectively. The average
crystal size, which was calculated by Scherrer's formula [38], using the XRD (311) plane, was
~24.7 nm. Since no secondary phase was detected in the XRD pattern of the ZnCo,0, the syn-
thesis procedure developed in this work allowed to obtain the crystalline phase of ZnCo,O,
without additional diffraction peaks. Thus, this method of synthesis might also be useful for
the preparation of other oxide materials.

2.4. Morphological investigations

Figure 3 shows the surface morphology of the ZnCo,0, powder calcined at 500°C with
different magnifications. Figure 3a exhibits a SEM image at low magnification, which
revealed a surface with a high degree of porosity with pores of irregular shape. The average
pore size was calculated around 724 nm. This extensive porosity has been associated with
the emission of gas during the removal of organic matter in the calcination process [28]. At
high magnification (Figure 3b), a large number of nanoparticles with irregular shape and
size in the range of 50-110 nm were clearly observed. In colloidal chemistry, it is known

* Zn(‘.urﬂ R

Intensity (a.u.)

M T M T M T M T M T

10 20 30 40 50 60 70
20 (degree)

Figure 2. XRD pattern of the ZnCo,O, powder after a thermal treatment at 500°C in air [37].
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Figure 3. SEM images of the ZnCo,0, powder at: (a) low (1,100x) and (b) high magnification (50,000x) [37].

that the formation of nanoparticles follows a nucleation and a growth mechanism [39]. In
this mechanism, first, the nucleation is produced when the concentration of reagents reach
the supersaturation limit for a short period of time. Consequently, the formation of large
number of crystal nuclei occurs. Later, the process of growth of the particles is developed by
diffusion. In our synthesis, the final solution does not present the supersaturation, although
the nucleation process could occur when the zinc nitrate solution was added to the cobalt
and dodecylamine solution, and the process of growth carried out is during the stirring of
the final colloidal solution [31, 40]. On the other hand, the dodecylamine plays a key role
in the microstructure of ZnCo,O, particles, since the dodecylamine in the colloidal solu-
tion affects the particle growth via the saturating of nanocrystal surfaces and hence, results
in the formation of ZnCo,0, nanoparticles with a peculiar morphology (faceted nanopar-
ticles were obtained) [28]. With thermal treatment at 500°C, the dodecylamine was finally
removed from the ZnCo,O, sample.

Figure 4 shows the typical TEM images of the ZnCo,O, powder calcined at 500°C. Figure 4a
exhibits a high concentration of nanoparticles, which was also observed by SEM. As can be
seen Figure 4b, faceted nanoparticles with a pockmarked structure were clearly identified. The
average particle size was ~75 nm, with a standard deviation of +12.6 nm. A typical HRTEM
image is displayed in Figure 4c. This image confirmed the presence of faceted nanoparticles
and a value of 0.286 nm corresponded to the inter-planar d-spacing of the (200) plane of
ZnCo,0, spinel structure.

In order to investigate the nanoparticle’s composition, EDS line scan was performed on
ZnCo,O, powder. Figure 5 shows the corresponding analysis. Figure 5a shows a HAADE-
STEM image of the ZnCo,0O, nanoparticles. The image confirms the presence of faceted
nanoparticles with a pockmarked structure, which is consistent with the TEM images. In
the EDS line scan, zinc, cobalt, and oxygen are observed across the linear mapping, confirm-
ing the presence of the expected elements, as seen in Figure 5b. In the central region X, a
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_—
20 nm

Figure 5. (a) HAADF-STEM image and (b) EDS elemental line scan of an individual ZnCo,0, nanoparticle.

decrease of the element composition is observed in comparison to point X,, which can be due
to the irregular surface of the nanoparticle (pockmarked zone). It is also evident that cobalt
exists in larger amount than zinc, corresponding to the target ratio of 1:2. However, the
EDS line scan shows carbon (C) and copper (Cu) compounds, which are due to the sample
support.

2.5. Raman characterization

The Raman spectrum shown in Figure 6 allowed us to confirm the formation of the ZnCo,0O,
when a calcination temperature of 500°C was used. As shown in Figure 6, the Raman spec-
trum of the ZnCo,0, powder shows five vibrational bands located at 182, 475, 516, 613, and
693 cm™ corresponding to the five active Raman bands of ZnCo,O, spinel structure [41].
However, the band at 204 cm™ is a vibrational mode that could be generated by Co,O, [42].
The formation of this oxide is due to the cation disorder (substitution of Zn* by Co*) in
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Figure 6. Raman spectrum of nanostructured ZnCo,O, powder [37].

the ZnCo,0O, spinel structure. As the Co,O, possess a spinel structure same as the ZnCo,O,;
therefore, they have similar XRD patterns and a deformation in the XRD pattern of ZnCo,O,
is not expected.

2.6. Gas sensing application of ZnCo,O,

The sensing performance of the ZnCo,0, sensor was investigated on pellets fabricated
from the nanostructured ZnCo,O, powders and tested in different concentrations of CO.
Figure 7 shows the variation of sensitivity against temperature at different concentrations
of CO (1, 5, 50, 100, 200, and 300 ppm). As shown in Figure 7, only minor variations in
sensitivity were measured at operating temperatures between 100 and 200°C in whole CO
concentration range (1-300 ppm). For operating temperatures above 200°C, the sensitivity
increased markedly from 5 to 300 ppm, with the maximum values of the sensitivity regis-
tered at 300°C.

Figure 8 shows sensitivity of the ZnCoZO , sensor toward different concentrations of CO at 100,
200, and 300°C. As seen in Figure 8a, a sensitivity value of 1 was maintained across the CO
concentration range when the ZnCo,O, sensor was operated at 100°C. On the contrary, when
the ZnCo,0, sensor was working at a temperature of 200°C (Figure 8a) and 300°C (Figure 8b),
the sensitivity increased with an increase of CO concentration. At 200°C, the sensitivity values
of the sensor were 1, 1.1, 1.5, 2.2, 2.8, and 3.1 for CO concentrations of 1, 5, 50, 100, 200, and 300
ppm, respectively. However, at 300°C and with same concentrations, the sensitivity values
were 1, 2, 3.3, 84.5, 157.5, and 305, respectively. The observed increase in sensitivity with the
concentration is due to increase in gas concentration and operation temperature. The increase
of the sensitivity is also associated with increased oxygen desorption at high temperatures
[43, 44]. Additionally, the ZnCo,O, sensor showed a decrease in gas response when CO gas
were removed from the vacuum chamber.
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Figure 7. Sensitivity of the ZnCo,O, sensor as a function of the temperature.

It is known that the gas sensing mechanism of semiconducting materials is based on the changes
of the electrical resistance produced by interaction between the target gas and chemisorbed
oxygen ions [45, 46]. When oxygen is adsorbed on the semiconductor's surface, oxygen spe-
cies are generated at the surface by taking electrons from the conduction band of the semi-
conductor. In general, molecular (O,) and ionic (O~ and O*) species are formed below 150°C
and above this temperature, respectively [47]. Consequently, a space charge layer with thick-
ness of ~100 nm is formed at the surface [6]. In our tests at temperatures above 100°C, the
ionic species that adsorb chemically on the sensor are more reactive than molecular species
that adsorb at temperatures below 100°C [30, 33, 48]. It means that below 100°C, the thermal
energy is not enough to produce the desorption reactions of the oxygen and, therefore, an
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Figure 8. Sensitivity of the ZnCo,O, sensor vs. concentration at different temperatures: (a) 100 and 200°C and (b) 300°C.
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electrical response does not occur regardless of the gas concentration, as can see in Figure 8a.
By contrast, above 100°C (in this case 200 and 300°C), the formation of ionic species at surface
of the ZnCo,0, occurs causing a chemical reaction with the gas and resulting in changes in the
electrical resistance of the material (i.e., a high sensitivity is recorded) [48, 49]. Additionally,
the conductivity mechanism of ZnCo,O, sensor is strongly related to the crystallite size (D)
and the space charge layer (L): if D >> 2L, the conductivity is limited by the Schottky barrier at
the particle border; thus, gas detection does not depend on the size of the particle; if D = 2L,
the conductivity and the gas sensing depend on the growing of necks formed by crystallites;
and when D < 2L, the conductivity depends on the size of the crystallites [2]. In our case, the
latter condition occurs while detecting the gases, since the average particle size is less than
100 nm; that is the reason why the conduction of the charge carriers (holes) takes place on the
nanoparticles' surface [6, 50].

In comparison with previous works, our ZnCo,0, sensor fabricated on faceted nanoparticles
showed a superior sensitivity toward CO (a sensitivity of ~305 in 300 ppm of CO at 300°C)
than those sensors based on ZnCo,O, nanoparticles [18], hierarchical porous ZnCo,0, nano/
microspheres [19], ZnCo,0, nanotubes [20], porous ZnO/ZnCo,0, hollow spheres [21], and
nanowires-assembled hierarchical ZnCo,O, microstructure [25], with sensitivities of 1 (50
ppm at 350°C), 2 (100 ppm at 175°C), 1.69 (400 ppm at 300°C), 1.1 (100 ppm at 275°C), and 29
(10 ppm at 300°C), respectively.

2.7. Conclusions

ZnCo,0,-faceted nanoparticles (~75 nm) were obtained by the simple and inexpensive
microwave-assisted colloidal method, using dodecylamine as surfactant. This synthetic
method is allowed to obtain the ZnCo,O, at a calcination temperature of 500°C. The sens-
ing tests showed that ZnCo,0, sensor is highly sensitive to concentrations of 1-300 ppm
of carbon monoxide at working temperatures above 100°C. Specifically, a maximum sen-
sitivity of 305 was obtained for a CO concentration of 300 ppm at a working temperature
of 300°C. The CO sensing response of ZnCo,O, is better than that reported in previous
investigations. Therefore, ZnCo,O, can be considered as a potential candidate for gas sens-
ing applications.
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Abstract

Metal-doped zinc oxide (ZnO) nanorod arrays have attracted much attention due to
improvement in their electrical, structural, and optical properties upon doping. In this
chapter, we discuss the effects of aluminum (Al)- and iron (Fe)-doping on ZnO nanorod
arrays properties particularly for humidity sensor applications. Compared to Fe, Al
shows more promising characteristics as doping element for ZnO nanorod arrays. The
Al-doped ZnO nanorod arrays showed dense arrays, small nanorods diameter, and high
porous surface. The I-V characteristics showed that Al-doped sample possesses higher
conductivity. From the humidity sensing performance of the samples, Al-doped ZnO
nanorod arrays possess the superior sensitivity, more than two times higher than that
of the undoped ZnO nanorod arrays sample, demonstrating great potential of Al-doped
Zn0O nanorod arrays in humidity sensor applications.

Keywords: ZnO, Al-doped, Fe-doped, nanorod arrays, humidity sensors

1. Introduction

Zinc oxide (ZnO) has been the subject of extensive investigations for many decades. A stable
hexagonal wurtzite structure of ZnO consists of tetrahedrally coordinated four —-O or four
—Zn atoms, having lattice constant of a = 3.25 A and ¢ =5.2 A with ratio c/a = ~1.60 close to
ideal hexagonal cell (1.633) [1]. Figure 1 shows the ball and stick illustration of the hexagonal
wurtzite structure of ZnO [1]. The ZnO structure does not have the center of symmetry.

Zn0 is abundantly available in nature as a mineral zincite, although most of the commercial
Zn0O samples are prepared through synthetic approaches. Owing to its interesting properties,
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Figure 1. The illustration of the hexagonal wurtzite structure of ZnO.

such as a wide energy band gap of 3.37 eV, large exciton binding energy of 60 meV, good
chemical and thermal stabilities, non-toxicity, and high transparency [2-5], ZnO has been
applied in various applications such as textiles [6], medicines [7, 8], optoelectronic devices
[9], solar cells [10, 11], and sensors [12, 13]. Other promising aspect of ZnO includes its ease
of fabrication leading to generation of various kinds of nanostructures such as nanorods [14],
nanowires [15], nanoflowers [16], and nanospheres [17]. Among them, one-dimensional (1-D)
nanostructures (i.e., nanorods and nanowires) are more favorable in humidity sensor appli-
cations due to a higher surface-to-volume ratio, providing direct charge transport along the
ZnO arrays and reducing the electron-hole pair recombination possibilities [18, 19]. These
characteristics are crucial in fabricating high-performance humidity sensors. The perfor-
mance of humidity sensor can be enhanced by introducing impurities to ZnO crystal through
the doping process. As reported in previous studies, the doping process is capable of alter-
ing electrical conductivity, photocatalytic activity, and magnetic properties of ZnO [20-23].
In this chapter, we discuss recent developments in metal-doped ZnO, particularly in rela-
tion to the advantages of nanostructure-based humidity sensors. The preparation of Al- and
Fe-doped ZnO nanorod array-based humidity sensors using the sol-gel immersion method is
also included here followed by characterization of the structural, optical, and electrical prop-
erties of the fabricated humidity sensors.

2. Metal-doped ZnO

Doping is a process of introducing extrinsic elements into intrinsic structure for the purpose
of improving and altering their basic properties such as structural, optical, and electrical. This
process is crucial for various materials especially semiconductors since intrinsic semiconductor
is known to possess deficiencies such as low carrier concentrations and lagging change in resis-
tance values for humidity sensing applications [24, 25]. From the literature, ZnO was reported
to be doped with numerous kinds of elements [26-29]. For instance, Kim et al. reported on the
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fabrication of yttrium (Y)-doped ZnO nanorod arrays quantum dot (QD) synthesized solar cell
using the chemical bath deposition method [30]. Due to Y-doping, the nanorod diameters were
significantly reduced. In addition, the absorption coefficients of the films also improved after
doping due to higher QD deposition. The conductivity of the film was improved when the
concentration of doping was 50 mM. They also observed that the undoped ZnO nanorod arrays
possess poor solar cell characteristics than that of the 50 mM Y-doped ZnO nanorod arrays sam-
ple. The substitution of the Y atom in ZnO lattice was expected to affect the transport properties
of electrons by blocking the recombination process and increased the carrier concentration.

In another work, Kim et al. studied the fabrication of hydrophobic Al-doped ZnO nanorod
arrays solar cell using the hydrothermal method [31]. In this study, they varied the concen-
tration of Al dopant and controlled the growth period. The average diameters were signifi-
cantly reduced when doped with Al. In addition, they reported that the undoped sample has
higher hysteresis than that of Al-doped samples and the Al-doped ZnO nanorod arrays have
a high self-cleaning performance. Meshki et al. fabricated Fe-doped ZnO nanorod arrays for
two kinds of drug detection, namely, sulfamethoxazole and sulfamethizole [32]. When the
nanorods were doped with Fe, the crystallite size of the ZnO nanorod arrays film was slightly
decreased. The Fe-doped ZnO nanorods acquired a larger surface area than undoped ZnO
nanorods, which likely led to the enhancement of electron transfer to the electrode surface.

In other research, Anbia and Fard fabricated a cerium (Ce)-doped ZnO nanoporous thin film
humidity sensor using the screen printed method [33], in which they reported changes in
humidity-sensing performance with doping and different sintering temperature. From their
research, the Ce-doped ZnO thin film acquired smaller diameter of nanoparticles with a
high porous surface. They also found that the Ce-doped ZnO film has better sensitivity to
humidity than that of the undoped ZnO film. Peng et al. fabricated manganese (Mn)-doped
Zn0O nanopowders for humidity sensing application [34]. Based on their study, the undoped
ZnO nanopowders possess larger nanoparticles and have low porosity. Upon Mn doping,
the nanoparticle size is reduced with higher porous surface. As the concentration of Mn
increased, the sensitivity of the ZnO nanopowders to humidity also increased, clearly higher
than the undoped ZnO powder. They expected such behavior to occur due to higher H* ion
density on the ZnO nanopowders surface and also higher concentration of defects with asso-
ciated with oxygen vacancies.

From the above summary of the reported results, it is evident that doping is essential and very
important for improving the useful properties of pristine ZnO structure. The improvements
such as reduced crystallite size (increase surface area), high-quality surface structure, better
photoluminescence properties, lower surface resistance, and high concentration of free carrier
enhance the efficiency of the ZnO-based devices.

3. ZnO nanostructure-based humidity sensors

Humidity sensors have an important function in various situations, such as in industrial pro-
cessing, agriculture, and environmental control since an uncontrolled amount of humidity can
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be quite damaging to certain materials and processes [35]. Humidity sensors can be based on
different sensing techniques, such as resistive, capacitive, optics, field effect transistor (FET),
quartz crystal microbalance (QCM), and surface acoustic wave (SAW) [36-40]. Resistive-type
humidity sensors are often preferred since they are easy to fabricate, have low cost, and have
reliable response [41]. ZnO nanostructures have been widely studied for humidity sensing
applications since it is highly sensitive to humidity. For example, Hendi et al. investigated
the effect of different concentrations of an Sn-doped ZnO-based QCM humidity sensor [42].
They found that the crystallite sizes decrease when doped with Sn and the performance of the
QCM humidity sensor improved when doped with Sn. Zhao et al. [43] have fabricated gal-
lium (Ga)-doped ZnO nanowires piezo-humidity sensor using hydrothermal method. At low
concentration of doping, they reported that the nanowires possess a small average diameter
and doping with Ga helped to increase the oxygen vacancies and generate more free carriers,
which in turn changed the piezoelectric screening effect and improved the water molecules
adsorption. These results showed that Ga-doped ZnO nanowires yielded higher response to
humidity compared to undoped ZnO nanowires.

The nano-scale structure in ZnO is very important in humidity detection due to larger surface-
to-volume ratio and chemically reactive surface. According to Hsu et al. [44], the nanostruc-
tured surface of ZnO consists of high concentrations of oxygen vacancies, which provides
highly active sites for water molecules adsorption. In their study, they fabricated ZnO dande-
lion-like nanostructures using a two-step thermal oxidation method, reporting increment in
oxygen vacancies as the deposition temperature increased, which in-turn led to enhancement
of humidity sensitivity.

High surface area is one of key factors that determines the high performance of a humidity
sensor. The basic mechanism of a humidity sensor involves water molecules getting attached
to the ZnO surface following the Grotthuss chain reaction [45]:

2H,0 — H,0"+OH" (1)
H,0" - H,0+H’ )

The source of charge carriers is from the protonic transfer (H") among hydronium ions (H,0")
which is known by the term proton hopping. A higher surface area offers more surface reac-
tions between the sensing element and water molecules leading to a greater number of carri-
ers. This behavior was observed by Hong et al. when preparing ZnO nanorod arrays on top
of the gallium (Ga)-doped ZnO seed layer film through the hydrothermal method [46]. They
suggested that the increment concentrations of Ga in the ZnO seed layer film increased the
thickness but reduced the nanorod diameter, resulting in an increased surface area of the
nanorod arrays film and hence higher sensitivity for humidity detection.

4. Synthesis of zinc oxide nanorod arrays

For the synthesis of ZnO nanorod array films, a number of approaches have been reported.
For instance, Ye et al. synthesized the sodium (Na)-doped ZnO nanorods on silicon (Si)
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substrate using the chemical vapor deposition method [14] and studied the effects of Na
concentrations on the ZnO nanorod properties. The growth of ZnO nanorods was done at
1000°C and 1800 Pa of temperature and pressure, respectively. Based on their report, the
synthesized nanorods have a small diameter but they are not well aligned. In the report by
Li et al. [47], the nanorod film was prepared with different dopants (Ga and Indium (In))
using the hydrothermal method on top of the ZnO seed layer-coated glass substrate. The
purpose of their study was to investigate the influence of hydrogen annealing on the struc-
tural and luminescence properties of the ZnO nanorods. Through the preparation process,
the nanorods were grown on the substrate with poor orientation and not aligned. According
to them, the roughness of nanorods surface was increased due to thermal decomposition of
the unstable surface status of polar and nonpolar faces of the ZnO structure. In the work by
Son et al [48], the chemical bath deposition method was used to study the effect of seed layer
thickness which was sputtered on Si substrate to the nanorod growth. Their results showed
that the nanorods grew in a nonuniform manner in that the thickness and diameters of the
nanorods were not uniform. However, higher thickness of the seed layer film produced
nanorod arrays with better uniformity and alignment on the substrate.

From a review of the above-cited examples, it is evident that an ideal preparation of high-qual-
ity nanorod arrays does not necessarily depend on high-applied temperature and pressure.
Therefore, a simpler, lower cost, and low-energy consumption method would be preferable.
In our study, the synthesis of Al- and Fe-doped ZnO nanorod arrays was accomplished using
a simple sol-gel immersion method. The nanorod arrays were grown on top of glass substrate
with Al-doped ZnO as a seeded catalyst layer. For the preparation of the ZnO seeded layer
catalyst, 0.4 M zinc acetate dehydrate (Zn(CH,COO),-2H,O; 99.5% purity; Aldrich) was used as
a precursor, 0.4 M mono-ethanolamine (MEA, H NCH,CH, OH; 99.5% purity; Aldrich) as a sta-
bilizer, 0.004 M aluminum nitrate nonahydrate (AI(NO,),.9H,0; 98% purity; Analar) was used as
a dopant source and 2-methoxyethanol as the solvent. The materials were mixed and then stirred
on a hot plate stirrer at 80°C for 3 h and then aged for 24 h at room temperature to obtain a homo-
geneous solution. The prepared solution was spin coated at 3000 rpm for 1 min. The samples
with coated film were then heated at 150°C for 10 min to dry and annealed at 500°C for 1 h.

The major interest of this study is the effect of Al and Fe doping on the intrinsic properties of ZnO.
For the preparation of an undoped, Al-, and Fe-doped ZnO nanorod array film, 0.1 M zinc nitrate
hexahydrate (Zn(NO,),-6H,0; 98.5% purity; Schmidt) was used as a precursor, 0.1 M hexameth-
ylenetetramine (HMT, C.H N,; 99% purity; Aldrich) as a stabilizer, and 0.001 M of aluminum
nitrate dehydrate (AlI(NO,),-9H,0O; 98% purity; Analar) and 0.001 M iron (III) nitrate nonahydrate
(Fe(NO,),-9H,0; 98% purity; Merck) as dopant sources. The reagents were mixed and dissolved
in 500 ml of deionized water and then sonicated at 50°C for 30 min before being stirred on a mag-
netic hot plate stirrer at room temperature for 3 h to age the solutions. After the ageing process, the
solutions were poured in a Schott bottle placed with seed layer-coated glass substrates. The seed
layer-coated glass substrates were immersed in a water bath immersion tank at 95°C for 2 h. Then,
the sample was cleaned and heated at 150°C for 10 min before being annealed at 500°C for 1 h.

The configuration of doped and undoped ZnO nanorod array-based humidity sensors was
completed by depositing gold (Au) metal contact using sputter coater on top of the samples as
the electrode. The structural properties of the samples were characterized using field emission
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scanning electron microscopy (FESEM; JEOL JSM-7600F) and X-ray diffraction measurement
(XRD; PANalytical X'Pert PRO). The optical properties of the samples were tested using a
ultraviolet-visible-near-infrared (UV-vis-NIR; Varian Cary 5000) spectrophotometer. The elec-
trical properties of the samples were characterized using two-point probe current-voltage (I-V;
Advantest R6243) measurement. The performance of the humidity sensor of the fabricated
sensors was analyzed using a humidity sensor measurement system (ESPEC-SH261). The
schematics of preparation of doped and undoped ZnO nanorod array-based humidity sensors
are shown in Figure 2.
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Figure 2. Schematics of the preparation of doped and undoped ZnO nanorod array-based humidity sensors.

5. Effects of aluminum and iron doping

The surface morphology, thickness, and the elemental analysis of the ZnO nanorod arrays
were investigated using field emission electron scanning microscopy (FESEM) and energy-
dispersive X-ray spectroscopy (EDS) as shown in Figure 3. Figure 3(a—c) shows the surface
morphology of undoped and doped ZnO nanorod arrays taken at 30,000x magnification. It is
observed that all samples produced have a hexagonal nanorod structure. The undoped sample
has the largest average diameter of nanorod arrays of about 100 nm while Al- and Fe-doped
ZnO-produced nanorod arrays have average diameters of 65 and 90 nm, respectively. Besides,
the Al-doped ZnO nanorod array film is observed to possess higher porosity compared to
undoped and Fe-doped samples. The reduction of nanorods size due to Al and Fe doping may
be due to the smaller ionic radius of AI* (0.54 A) and Fe* (0.64 A) ions substituting the Zn*"
(0.74 A) ion sites [49, 50]. The cross-sectional images of Al- and Fe-doped ZnO nanorod arrays
are shown in Figure 3(d—f). The thickness of undoped, Al-, and Fe-doped ZnO nanorod arrays
films was estimated to be 1.1, 0.67, and 0.75 um, respectively. A slight decrement in thickness
of doped samples may be due to difference in the ionic radius as mentioned earlier. From
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Figure 3. Surface morphology of (a) undoped, (b) Al-, and (c) Fe-doped ZnO nanorod array films that are prepared using
sonicated sol-gel immersion. Cross-sectional images of (d) undoped, (e) Al-, and (f) Fe-doped ZnO nanorod array films.
EDX spectrum of (g) Al- and (h) Fe-doped ZnO nanorod array films.
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the EDS spectrum in Figure 3(g and h), it is evident that the doping elements of Al and Fe
appeared in each sample. The atomic ratio of Zn, Al, and O is expected to be 54.93:0.71:44.86,
respectively, while the atomic ratio of Zn, Fe, and O is 53.60:0.21:46.18, respectively.

The XRD patterns of the undoped, Al-, and Fe-doped ZnO nanorod arrays for the 20 range
of 20-60° in Figure 4 show the four main peaks with Miller indices of (100), (002), (101),
and (102). The dominant (002) peak indicates that the growth is along c-axis orientation. In
addition, it is also noticed that the diffraction peak at (002) orientation for doped samples is
slightly decreased, which indicated that the doping elements are successfully substituting
the ZnO structure. The degradation in peak intensities for doped samples was expected due
to the difference in ionic radii of AI* and Fe** than that of Zn* ions. The position of the (002)
peak for the undoped, Al-, and Fe-doped ZnO nanorod arrays occurs at 20 = 34.38, 34.49, and
34.44°, respectively, which can be used to determine the lattice constant ¢ using the following
equation valid for hexagonal structure [51, 52]:

A
€= Sin0 €)

Here, A = 1.54 A is the X-ray wavelength of CuKa radiation. For the undoped, Al-, and
Fe-doped ZnO nanorod arrays, ¢ = 5.2108, 5.1947, and 5.2020 A, respectively, was determined.
The crystallite sizes, D of the undoped, Al-, and Fe-doped ZnO nanorod arrays, were calcu-
lated using the Scherrer formula [53]:

KA
D= B cosO (4)

Here, K is a constant (0.94), and § is the full-width at half-maximum (FWHM) in radians. The
(002) peak was used for the calculation of D for which the values of § of the undoped, Al-, and
Fe-doped ZnO nanorod arrays are 0.2831, 0.3045, and 0.3037°, respectively. The D values of
the undoped, Al-, and Fe-doped ZnO nanorod arrays were estimated to be 30.7, 28.5, and 28.6
nm, respectively. Thus, the values of ¢ and D of the undoped ZnO nanorod arrays are low-
ered when doped with Al and Fe. According to Khuili et al. [54], lattice parameters a and ¢ of
Al-doped ZnO are smaller than those for undoped ZnO due to substitution of smaller AI** ions
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Figure 4. The XRD patterns of the undoped, Al-, and Fe-doped ZnO nanorod arrays.
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into ZnO lattice, which is also confirmed by the simulated supercell structure. Yue et al. noted
that the shrinkage of lattice constant and crystallite size when doped with Fe was due to the
smaller ionic radius of Fe** compared to that of Zn* ions [50]. Bai et al. also found that the dif-
fraction peak positions of ZnO have shifted to higher angles when doped with Fe, which might
lead to reduction of lattice constant and crystallite size [55].

The optical properties of undoped and doped ZnO nanorod arrays were determined using
UV-Vis-NIR spectrophotometer measurements between 350 and 800 nm at room temperature.
Figure 5 shows the transmittance properties of undoped, Al-, and Fe-doped ZnO nanorod
arrays. The transmission decreases significantly at approximately 380 nm, which is attributed
to the intrinsic ZnO band gap because of the direct transition of electrons between the edges of
the valence band to the conduction band. From the spectra, average transmittances of undoped,
Al-, and Fe-doped ZnO nanorod arrays were estimated to be 78.59, 76.96, and 75.10%, respec-
tively. All doped samples exhibit a decrement in transmittance compared to the undoped sam-
ple. Previous studies reported that the transmittance decreased with Al and Fe doping [56, 57].
Such behavior occurred due to reduction of crystalline properties, which can be observed from
the XRD data, and also due to enhancement of optical scattering by grain boundaries [57].

Figure 6 shows the I-V characteristics of undoped, Al-, and Fe-doped ZnO nanorod arrays.
The I-V curves indicate that the nanorod arrays exhibit ohmic behavior, and the current
increases with increasing voltage supplied for the nanorod arrays. The conductivity of the
film, o, was determined using the following equation [51]:

1
0=79 ©)
where p is the resistivity that can be expressed as
V\wt
o= (DT ©

where V is the supplied voltage, I is the measured current, ¢ is the film’s thickness, w is the
electrode width, and [ is the length between the electrodes. The active area of the thin films is
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Figure 5. Transmittance properties of the undoped, Al-, and Fe-doped ZnO nanorod arrays.
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Figure 6. I-V plot for the undoped, Al-, and Fe-doped ZnO nanorod arrays.

3 x 10° m2 The conductivity of undoped, Al-, and Fe-doped ZnO nanorod arrays is 0.08, 0.80,
and 0.64 S cm™, respectively. It is observed that the conductivity of the nanorod array film
significantly increased after doping. When ZnO was doped with Al*" ions, the generation of
free carriers is as follows [58]:

1 ,
AL O, - Al, +20 +70,+2e 7)

where Al _* represents one positive charge of Al that stayed in zinc lattice and act as donor. O,
is the oxygen ion in the inherent lattice. On the other hand, when ZnO was doped with Fe*
ions, the generation of free carriers is as follows [55]:

Fe,O, — 2Fe;, +30*+2¢ (8)

where Fe, * represents one positive charge of Fe that stayed in zinc lattice and act as donor. O,
is the oxygen ion in the inherent lattice while “x” represents the neutrality of O . Substitutions
of two Fe atoms in the ZnO structure have induced two free electrons. This theory supports
the enhancement of conductivity from Al- and Fe-doped samples compared to undoped ZnO
nanorod arrays.

Humidity sensor responses of the prepared sensors in ambient with various RH (rela-
tive humidity) levels are shown in Figure 7. The measurements were conducted with 5 V
DC-biased source at room temperature. During the adsorption process (40-90% RH), cur-
rent signal increased steadily with increasing RH. On the other hand, during the desorption
process (90-40% RH), current signal rapidly dropped until the signal recovers back to its
initial current value. Response and recovery times are among the most imperative elements
for evaluating the performance of humidity sensors. It is noted that the time taken by a
sensor to achieve 90% of the total current change is defined as the response time in the
case of adsorption or the recovery time in the case of desorption. The response/recovery
times of the undoped, Al-doped, and Fe-doped ZnO nanorod arrays were measured to
be 252/360, 270/90, and 243/108 s, respectively. Response and recovery behavior of sensor
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Figure 7. Humidity sensor response of (a) undoped, (b) Al- doped, and (c) Fe-doped ZnO nanorod array-based humidity
Sensors.

is dependent on large surface-to-volume ratio, where it helps to increase the adsorption
of water molecules on the sensing element surface. Besides, with the availability of 1-D
nanostructures (nanorod), it provides a large length-to-diameter ratio which can accelerate
water molecules transfer to and from the interaction region as well as enhancing electron
transfer along them [59].

Another important element of the humidity sensor is the sensitivity of the sensor. The sensi-
tivity of undoped and doped ZnO nanorod array-based humidity sensors was estimated by
using resistance data obtained from the response curve. Sensitivity was calculated by using
the following relation [60, 61]:

5= 9)

where S is sensitivity, R is the resistance of the sensor under exposure to the initial humid-
ity level, and R is the resistance of the sensor at the maximum humidity level. The values of
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resistance were obtained using Ohm’s law on the basis of a fixed bias voltage of 5 V, shown
as follows:

V=IR (10)

where V'is the bias voltage, I is the measured current, and R is the resistance. The values of R /R,
for undoped, Al-doped, and Fe-doped ZnO nanorod array-based humidity sensors were calcu-
lated to be 5.56 x 10°/4.17 x 10°, 2.66 x 107/8.33 x 10¢, and 2.08 x 10°€)/1.19 x 108(), respectively. From
R and R values, the sensitivities of undoped, Al-doped, and Fe-doped ZnO nanorod array-based
humidity sensors were calculated to be 1.33, 3.19, and 1.75, respectively. All doped samples show
an improved performance in humidity sensing compared to the undoped sample. Zhu et al. also
noticed the improvement of humidity sensing capabilities when they fabricated the piezoelectric-
based ZnO nanowires humidity sensor [62]. In other report, Hendi et al. reported the response/
recovery time of the ZnO-based QCM humidity sensor was improved when they doped ZnO
with Sn [42]: this was attributed to easy diffusion of water molecules between ZnO nanopowders.

Zhu et al. reported that the doping process can increase the concentration of oxygen vacan-
cies when the doping elements substituted the ZnO lattice which improved the performance
of humidity sensor [62]. In addition, the substitution of AI** and Fe**ions has increased the
charge density and offering more surface reaction with water molecules. This statement is
supported by increase in conductivity and E, values as discussed earlier. Furthermore, the
superior performance of Al-doped ZnO nanorod arrays is likely related to the higher porosity
of its surface as observed from FESEM image.

6. Concluding remarks

In this chapter, advantages of doping of zinc oxide (ZnO) nanostructures have been reviewed
along with changes in their properties upon doping, particularly in relation to humidity sens-
ing applications. Compared to Fe-doping, Al-doping shows more useful changes in proper-
ties for ZnO nanorod arrays for sensor applications. From the FESEM images, the Al-doped
Zn0O nanorods showed dense arrays with an average diameter of 65 nm, and higher porosity
of the surface as compared to the Fe-doped sample which has an average diameter of 90
nm. No significant changes to the optical properties of doped samples were observed while
the I-V characteristic of those doped samples possess a significant increment in conductivity
compared to undoped ZnO nanorod arrays. Regarding the humidity-sensing performance
of the samples, Al-doped ZnO nanorod arrays showed superior sensitivity, more than two
times higher than that of the undoped ZnO nanorod array sample. These results show that
Al-doped ZnO nanorod arrays has a promising future in humidity sensor applications.
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Abstract

Nanotechnology is making great contributions in various fields including harvesting
solar energy through solar cells since nanostructured solar cells can provide high perfor-
mance with lower fabrication costs. The transition from fossil fuel energy to renewable
sustainable energy represents a major technological challenge for the world. The solar
cells industry has grown rapidly in recent years due to strong interest in renewable energy
in order to handle the problem of global climate change that is now believed to occur due
to the use of fossil fuels. Cost is an important factor in the eventual success of any solar
technology since inexpensive solar cells are needed to provide electricity especially for
rural areas and for underdeveloped countries. Therefore, new developments in nanotech-
nology may open the door to the production of cheaper and more efficient solar cells by
reducing the manufacturing costs of solar cells. This chapter covers a review of the prog-
ress that has been made to-date to enhance efficiencies of various nanostructures used in
solar cells including utilizations of all the wavelengths present in of the solar spectrum.

Keywords: nanostructured solar cells, power efficiency, quantum wells, quantum wires,
quantum dots, intermediate bands, solar concentrations

1. Introduction

The worldwide demand for energy has an environmental impact on the global climate since most
of the energy in recent decades has come from the combustion of fossil fuels. Many technologies
are being considered to supplement this energy such as renewable energy sources (RESs). RESs
are the key to long-term solution of industrialized economies from complete dependence on fos-
sil fuels [1]. Solar energy conversion is the most attractive source of RESs because solar energy
is abundant and it is free. In the past 50 years, silicon (Si) solar cells (SCs) have been developed
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with demonstrated efficiency of nearly 25%, which is very close to the theoretical limit for a single
junction under one sun concentration of ~31% [2]. Unfortunately, this type of bulk Si SCs is too
expensive for mass production. For the solar energy conversion, Si is not the ideal material because
the indirect bandgap of Si has a significant negative impact on the optical absorption [1]. As a
result, the 90% of sunlight is absorbed when the energy of photons is greater than the bandgap of
Si and the thickness of Si is around 125 pm, whereas for a direct bandgap material such as gallium
arsenide (GaAs), the required thickness is around 0.9 um [3]. In addition, the incoming photons
on the bulk Si SCs should have the same energy of the bandgap of Si to obtain a free electron. The
photon will have dissipated inside the bulk Sj, if it has energy less than bandgap of Si. If it has
more energy than bandgap of Si, the extra energy will be lost as heat. These factors cause the loss of
around 70% of the radiation energy incident on the cell [4]. This trade-off between the two factors
is evident from the current density-voltage (J- V) curves shown in Figure 1(a) for some elemental
semiconductors, such as germanium (Ge) or Si, and binary compounds, such as GaAs, aluminium
antimonide (AlSb) and gallium phosphide (GaP). The main problem of the bulk SCs is evident in
Figure 1(a) in that when the output current increases the output voltage decreases and vice versa
based on bandgap energies of these materials. Therefore, the optimum bandgap energy of SC
matches the maximum efficiency can be calculated as shown in Figure 1(b). This figure shows the
maximum efficiency versus bandgap energy of bulk SCs under Blackbody spectrum and more
realistic AMO and AM1.5 solar spectra at one sun and maximum concentrations.

Nanotechnology is an important vehicle to reduce the SC cost and to improve its performance
by utilizing nanostructured materials in SCs [6]. Nanostructured materials are generally defined
as those materials whose structural elements (crystallites or molecules) have dimensions in the
1-100 nm range. Attention of both academic and industrial researchers for these materials over
the past decade arises from the remarkable differences in fundamental electrical, optical and
magnetic properties that occur with change in size while controlling the construction of the
materials at the atomic level. The motivation for using nanostructured materials emerges from
their specific physical and chemical properties. Enhancing the regular crystalline structure using
nanocrystalline materials in the form of thin films or multi-layers SCs can increase the absor-
bance of all incident solar spectra [7, 8]. In nanoparticle-based SCs, the particles should be suf-
ficiently close to one another to transfer the charges directly. Recently, significant progress has
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Figure 1. (a) J-V curves of some semiconductors for bulk SCs and (b) maximum efficiencies versus bandgap energies of
bulk SCs with different spectra at one sun (sold lines) and maximum concentration (dashed lines) [5].
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been made in improving the overall efficiencies of SC structures, including the incorporation of
potential well and nanocrystalline materials. The present investigation deals with some potential
applications of nanostructured materials in solar energy conversion and to give an overview on
current research topics in this field. This chapter includes the following sections: preparation of
SCs in Section 2; fundamental of nanostructure confinement in Section 3; nanostructures for SC
applications in Section 4 and conclusions in Section 5.

2. Preparation of solar cells

Over the past 20 years, electrical power generation output of SCs has grown up to 5 x 10° W
(5 GW). This is still small in comparison to the world total electric generation capacity
of 4 x 102 W (4 TW) although it represents a large step forward in this promising renewable
energy technology [9]. If the present rate of growth continues, solar energy could become the
dominating power generation method by the end of this century. The first generation of SCs
comprises technologies where the photon absorber is a thin p-doped single crystal Si wafer.
Employing Si in the form of monocrystalline or polycrystalline material for this purpose is
understandable in view of its abundance, stability, non-toxicity and decades of industry expe-
rience. However, single-crystal Si wafers are very expensive to produce due to the demands of
high purity and high accuracy of sawing a single wafer from Si. The proposed practical bound
on cell efficiency under one sun has been estimated to be about 25%. The second generation
of SCs aims at reducing the costs of producing thin-film SCs by growing thin layers of Si
and other semiconductors on glass substrates. This generation of SCs uses materials, such as
cadmium telluride (CdTe), copper-indium-gallium selenide (CIGS), copper-indium sulphide
(CIS) and amorphous Si (a-Si). These materials are much cheaper than using a single-crystal
Si but have the downside of leading to less efficient SCs with efficiency around 16% due to
structural defects [10]. The third generation of SCs is made from variety of new materials
besides Si to make solar energy more efficient over a wider band of solar energy including
IR band. There are several technologies in this generation based on nanotechnology such
as hot carrier, tandem or multi-junction, and intermediate-band SCs. The best overall effi-
ciency for this generation has reached to 44.7% at one sun. Research into the fourth genera-
tion of SCs has recently begun, and they are made from hybrid organic materials, which are
low cost and nanostructure inorganic materials with stable lifetime. This technology could
significantly improve the harvesting and conversion of solar energy [11]. This generation of
materials could improve the efficiency while maintaining their low cost when compared to
third-generation materials.

3. Fundamentals of nanostructure confinement

This section gives an overview of the optical properties of quantum-confined semiconduc-
tor structures. The potential barriers in these artificial structures can confine the motion of
electrons and holes (charge carriers, CCs) in one or more directions [12]. The optical proper-
ties of bulk solids do not usually depend on their size. For example, ruby crystals have the
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same red colour regardless of how big they are [13]. This statement is only true as long as
the dimensions of the crystal are large. For very small crystals, the optical properties are
dependent on the size such as semiconductor-doped glasses. These contain very small semi-
conductor micro-crystals within a colourless glass, and the colour of the filter can be altered
just by changing the size of the crystals. The amount of dependence of optical properties in
very small crystals is the result of the quantum confinement effect. The bulk crystal will not
exhibit any quantum size effects. To observe quantum size effects, the layers should be thin.
The general scheme for classifying quantum-confined structures is given in Table 1. The
artificial structures are classified as to whether the CCs are free or confined in one, two or
three dimensions. For bulk semiconductors, the CCs are free (not confined) to move within
their respective bands in all the three directions. For quantum-confined semiconductors, the
structures are respectively called quantum wells (QWs) for confinement in one-dimensional
(1D), quantum wires (QRs) for confinement in two-dimensional (2D) and quantum dots
(QDs) for confinement in three dimensions (3D). The nanocrystal dimensions required to
observe quantum-confinement effect, have to be produced by the advanced techniques such
as advanced epitaxial crystal growth (QW structures), epitaxial growth on patterned sub-
strates (QR structures) and spontaneous growth technique (QDs structures) [12].

In a nanocrystalline particle with dimensions L, L and L, the CCs are localized in the region
with the minimum potential energy in the nanoparticle, and its energy spectrum is no longer
formed from allowed and forbidden bands as in crystals, but from discrete levels as shown in
Figure 2(a) and given by [14]:
2 2 2
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Here h is the Plank’s constant, m is the effective mass, E is the total energy of CCs, k is the
wave-vector, E_is the edge energy of CCs in the conduction band (CB) or valence band (VB),
and p, g and r are integer numbers. These discrete levels result from the Schrodinger Equation
satisfied by the CCs in the materials [15]. A discrete energy spectrum is similar to that in
atoms or molecules. A nanoparticle is called QD if the discrete energy levels can be observed,
that is, if the difference between adjacent discrete energy levels is higher than the thermal
vibration energy, k T as T is the temperature and k; is the Boltzmann constant. This implies
that n*r’/2mL?, #*m*/2mi?and #’w/2m1? are higher thank,Tor L, L, L <+ #’r*/2mk,T.

In a QD, the CCs are not free to move because it is localized in the dot. There are also struc-
tures in which CCs movement is allowed along a single direction, that is, QRs, or in one plane,
that is, QWs. Unlike these structures, in a bulk crystalline material the CCs can freely move
along all three spatial directions and the energy dependence on the k and it is given by

E(0) = E+hk2[2m = E+ W2+ K2 +K) [2m )

Figure 2(b) shows a QR with L and L, dimensions along the confinement directions. The CCs
can freely move along only the x-direction and the dispersion relation is expressed as
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Structure Quantum confinement Dimensionality
Bulk None 3
Qw 1D 2
QR 2D 1
QD 3D 0

Table 1. Classification of quantum-confined structures.
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Figure 2. E-k relations for QD, QR, and QW and bulk crystalline lattices. (a) QD,(b) QR and (c) QW and bulk.

Asin a QD, the difference between adjacent discrete levels must be higher than k,T,that is,
L, L <y n'r/2mk,T.

Analogously, in a QW as shown in Figure 2(c), the CCs are free to move along the x and y
directions and the dispersion relation is
2 2(f2 2 2(]2 2

E(k, kk) = E+L (fL_ﬂ) o (k_;n:k”) . (k_;n:k”) @)
These discrete energy levels can be observed if the width of the QW satisfies the relation
L <+ #*m*/2mk T . The dashed line in Figure 2(c) represents the density of k versus E in a bulk
crystalline lattice as the CCs freely move in three dimensions and is given by the equation
E = n*k*/2m.
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In QWs, QRs and QDs, the allowed region in which the CCs move is called potential well, and
the region where this motion is forbidden is referred to as potential barrier. The excitation of
an electron from the VB to CB as a result of photon absorption is only possible if the photon
energies (E) are higher than the bandgap energy (E,) of the material that contains the QW (for
example); this minimum photon energy also depends on the width of the well and the height
of the potential barrier as shown in Figure 3(a).

1 Ec

Ev
I i Ev

Potential  Potential ~ Potential
barrier well barrier

Figure 3. Construction of energy band diagram for two semiconductor material.

More precisely, the electron transition from the VB with upper edge (E,) to the CB with bot-
tom edge (E) occurs between the corresponding discrete levels in the potential well. In bulk
crystals, the similar electron excitation occurs if the incident photon energy E is equal to E,,
as shown in Figure 3(b). The absorption spectrum depends on the nanoparticle diameter due
to the above relations between the CC energy and the dimensions of the potential well. When
several QWs, QRs or QDs are separated by small distances, the CCs can jump from one struc-
ture to another if their energy (thermal) is high enough to overcome the potential barrier.

4. Nanostructures for solar cell applications

With improved possibilities for the control of material texture on the nm scale, nanostructured SCs
have received increased scientific attention in recent years. Nanostructures can allow efficient SCs
to be made from cheaper materials, such as Si and titanium dioxide (TiO,) [16]. Although there
will be cost barriers involved in developing mass production techniques for nanostructured SCs,
the use of cheaper raw materials will allow a cost reduction of commercial SCs. Nanomaterials
and nanostructures hold promising possibilities to enhance the performance of SCs by improving
both optical absorption and photo-carrier collection. Meanwhile, the new materials and struc-
tures can be fabricated in a low-cost fashion, enabling cost-effective production of SCs. As the
performance of SCs largely depends on the above two factors, they have to be optimized for SCs
with suitable energy conversion efficiency. Nevertheless, the requirements in optimizing these
factors can be in conflict. For example, in a planar-structured SC thicker materials are needed in
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order to achieve sufficient optical absorption; however, it will reduce carrier collection probability
due to the increased minority carrier diffusion path length and vice versa. In fact, recent studies
have shown that nanostructures not only improve optical absorption by utilizing the light trap-
ping effect but also facilitate the photocarrier collection through perpendicular directions of light
propagation and carrier collection. The nanostructures discussed in the following sections are
classified into four types: nanocomposites, QWs, QRs and QDs.

4.1. Nanocomposites materials for solar cells

Nanocomposites and nanostructured materials are now being investigated for their potential
applications in SCs. In nanoparticles of diameter, d, the number of atoms residing on their
surfaces varies as 1/d and hence they can become significant fractions of the atoms present in
the core of the few nm size nanoparticles. In such a case, the surface interactions control the
behaviour of nanoparticles. Therefore, these small particles often have different characteris-
tics and properties than larger pieces of the same material. Nanostructured layers in thin film
SCs offer a number of important advantages [17]: (i) due to multiple reflections, the effective
optical path for absorption is much larger than the actual film thickness and (ii) light-gener-
ated CCs need to travel over a much shorter path and thus recombination losses are greatly
reduced. As a result, the absorber layer thickness in nanostructured SCs can be as thin as
150 nm instead of several micrometres in the conventional thin film SCs and thus reduced
installation costs achieved; (iii) the energy bandgap of various layers can be designed to the
desired value by varying the size of nanoparticles and (iv) reduced manufacturing costs as
a result of using a low-temperature process instead of the high-temperature vacuum depo-
sition process for conventional SCs. Thin films of polycrystalline CdTe, cadmium selenide
(CdSe) and cadmium sulphide (CdS) have been reported as the most promising photovoltaic
materials for thin film SCs [16]. Other types of nanostructured materials used for SC applica-
tions are the hot carrier SCs (HCSCs) and the dye-sensitized SCs (DSSCs).

In a HCSC, the rate of photo-excited carrier is slow enough to allow time for the carriers to be col-
lected and thus allowing higher voltages to be achieved from the cell [18]. The bulk cell is designed
to collect the CCs before the hole and the electron recombined while the hot carrier cell catches CCs
before the carrier cooling stage. For the HCSC to be effective, CCs should be collected from the
absorber over a very small energy range. Hence, special contacts are used to prevent the contacts
from cooling the carriers. The limiting efficiency of this approach can reach 86.8%, which is same
as an infinite tandem cell stack. However, in order to achieve this limiting efficiency, carrier cool-
ing rates should be reduced or radiative recombination rates should be accelerated [19].

Developing a hot carrier absorber material, which exhibits sufficiently slow carrier cooling to
maintain a hot carrier population under realistic levels of sun concentration, is a key challenge.
A candidate for the absorber material is a QD super-lattice [20]. InGaAs/gallium arsenide phos-
phide (GaAsP) is proposed as a suitable absorber material and the GaAs surface buffer layer was
reduced in thickness to maximize photon absorption in the well region. An enhanced hot carrier
effect was observed in the optimized structures. The HCSC with indium nitride (InN) absorber
layer gives a highest efficiency of 52% as shown in Figure 4 [21]. The efficiency of the HCSC, with
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Figure 4. HCSC efficiency versus carrier extraction energy with absorber layer (InN) thickness = 50 nm at different sun
concentrations [21].

gallium antimonide (GaSb)-based heterostructures as absorber candidates, is improved signifi-
cantly compared to a fully thermalized single p-n junction of similar bandgap energy.

A DSSC is a type of photoelectrochemical SC [22]. In a DSSC, dye molecules are used to sen-
sitize wide-bandgap energy semiconductors (~3.2 eV), such as TiO, and ZnO, which assist in
separating electrons from photo-excited dye molecules. These materials are very inexpensive
compared to expensive Si or III-V group semiconductors. As a result, much cheaper solar
energy at $1 or less per peak Watt ($1/pW) can be achieved [23]. The DSSC involves a set of
different layers of components stacked in serial. Incoming photons excite electrons in the dye
which are efficiently captured by the TiO, and transported to the anode [24]. On the other side,
an electrolyte (17/1)) replenishes the electrons in the dye (i.e. 31" = I;+2¢7), and thus completes
the flow of current through the cathode. In order to maximize the contact area between the
wide-bandgap energy semiconductors and the dye, it is advantageous to have the wide-band-
gap energy semiconductors in the form of nanoparticles or nanotubes. In combination with
new absorbing molecules, such structures have helped to improve the performance of DSSCs.

Figure 5 uses carbon nanotube (CNT) fibres, which have been used as a conductive mate-
rial to support the dye-impregnated TiO, nanoparticles. Since TiO, nanoparticles present
in CNTs are capable of injecting electrons from their excited state and therefore separation
and flow of the charges are improved. CNTs are also popular materials for DSSC counter
electrode (cathode) fabrication. In addition to enhance conversion efficiency, the cells with
CNT counter electrode are expected to provide several advantages including nanoscale con-
ducting channels, lightweight and low cost, as well as improved mechanical properties and
thermal stability [25]. Since the invention of the DSSCs in 1990, efficiency has improved from
~2% to ~12%. It has a major cost advantage over bulk Si SCs. Some of the main drawbacks
of DSSCs are the use of liquid electrolyte and dyes, long-term lifetime and degradation [26].
Most DSSCs use the organic dyes, which have large optical absorption in the visible range
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Figure 5. Wire-shaped DSSC made from two CNT fibres.

of 300-700 nm but weak absorption in the IR spectrum. Searching for new materials with
absorption spectra extending into the IR range is decisive for enhancing the performance of
SCs. A promising alternative for broadband solar absorbers will be inorganic semiconductor
sensitizers. In 2013, the performance of semiconductor-sensitized SCs (SSSCs) was improved
and the efficiency has increased from 12% to 15% [23]. Inorganic semiconductor sensitizers
have several advantages over organic dyes such as tunable absorption bands due to the
quantum-size effect and multi-electron-hole pair generation by a single incident photon.

4.2. Quantum well solar cells

Since several decades, QWs have been studied for the application in electronics and photon-
ics. They confine the CCs in 1D and create a sheet of CCs with well-defined energy levels
and high mobility due to adjustment in the band structure [1]. Recently, concerted efforts for
the manufacture of SCs by incorporating multi-QWs (MQWs) with lower bandgap energy in
the active region of the device were carried out. In the beginning, MQWs depended on the
II-V semiconductor materials, mainly GaAs and related alloys such as AlGaAs and InGaAs
[27]. The main expected benefit of such SCs is high short circuit current due to the enhanced
absorption. Figure 6 shows a structure of GaAs p-i-n SC with a single InGaAs QW in intrinsic
region [28]. In this work, a short circuit current density is an enhancement, as the absorption
in QWs is very high due to the carrier density obtained by quantum confinement in the plane
of the well. On the other hand, there is often a corresponding reduction in the open circuit
voltage due to the inclusion of lower bandgap energy material which could be overcompen-
sated through the increase in short circuit current from the QWs. GaAs SCs currently hold
the world efficiency record for single junction SCs. MQW solar cells (MQWSCs) can achieve
optimal bandgap energies for the highest single-junction efficiencies due to the tunability of
the QW width and composition. However, the increase in the number of QWs causes mis-
match in the lattice and, therefore, disorder occurs in the open circuit voltage [29]. In refer-
ence [28], strain-balanced GaAsP/InGaAs MQW in i-region has been studied. The GaAsP/
InGaAs MQW strain-balanced SC (SB-QWSC) has shown an extraordinary performance for
the MQW cell design, achieving high efficiency. The dependence of conversion efficiency on
indium (In) and phosphide (P) compositions is examined in Figure 7 for 20 layers of QWs.
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Figure 6. GaAs p-i-n SC with a single InGaAs QW in i-region.
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Figure 7. Contour plot for conversion efficiency (1) versus In and P compositions for 20 layers of QWs and each with
thickness of 15 nm [28].

Each well has thickness of 15 nm. In and P compositions are varied in the range from 0.5% to 20%
during the development process of the contour plot. It is evident that the highest efficiency equals
27%. This occurs at a composition of not greater than 3% and 5%, respectively, for In and P.

4.3. Quantum wires solar cells

A number of researchers proposed to use QRs in all inorganic structures to produce SCs with
both improved efficiency as well as greater stability compared to organic SCs [30, 31]. These
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structures include vertical arrays of radial or axial p-n junction QRs to confine the CCs in 2D
and to enhance photon absorption, see Figure 8. The radial geometry offers a large area of
the depletion region along the QRs and a small QRs volume combined with short carrier dif-
fusion lengths before collection at the contacts as a usable current. The axial geometry offers
greater flexibility with respect to materials combinations. Challenges for both architectures
are overcoming the barrier of single to tandem junction performance and limitations of sur-
face recombination which leads to loss of CCs.

The potential for improved performance and cost reductions of QR arrays over their bulk SCs is
mainly due to (i) increased absorption due to diffuse light scattering in QR arrays; (ii) short collec-
tion lengths of minority carriers that are radially separated and (iii) flexibility of cell integration
on a variety of low-cost carrier substrates [30]. Recently, the nanostructure of Si QRs has attracted
great attention because of its excellent anti-reflection and light trapping effect [32]. This structure
is a candidate to lower both the required quality and quantity of Si material. Many research-
ers have investigated Si QRSCs to provide support for further improvement. However, the effi-
ciency of Si QRSCs still falls behind that of the bulk crystalline Si SCs as a result of the limitation
of the extremely high surface recombination in Si QRs. The repression of carrier recombination in
Si QRs turns out to be the primary focus for the performance improvement of Si QRSCs. Surface
passivations, such as thermal oxidation, carbon thin films and chlorine dielectric treatment, have
been widely studied to improve the electrical characteristics of Si QRSCs [33]. These techniques
can only work on the recombination at the Si QRs surface. However, a recent attempt has dem-
onstrated that, in addition to the surface recombination, high Auger recombination near the sur-
face plays a key role in the limitation of the photogenerated carrier collection and cell efficiency
in Si QRSCs [32]. The Auger recombination comes from the high doping related to in-diffusion
through the large surface area of the Si nanostructure. This near surface Auger recombination
grows over the surface recombination, especially for the excessive doping condition in Si QRSCs.

In order to reduce recombination both at and near the surface in Si QRs while maintaining good
light trapping, an efficient method of Si nitride (SiN ) passivation is proposed [34]. SiN_ can pro-
vide not only effective surface passivation but also bulk passivation because of the hydrogen dif-
fusion which effectively reduces defect state density and suppresses the Auger recombination at
and near the surface [35]. Also, to obtain the best recombination repression both at and near the
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Figure 8. Two structures of QRSCs.
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surface, another work proposed for surface passivation uses SiN_combined with the Si dioxide
(5i0,). The SiO,/SiN_stack performs better due to the more homogeneous Si-SiO, self-oxidation
interface as well as decreases surface state density [34]. The current-voltage characteristics of Si
QRSC passivated with different materials that were measured under illumination conditions of

AM1.5G are shown in Figure 9.
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Figure 9. Current-voltage characteristics under AM1.5G illumination of the QR arrays covered with aluminium oxide
(ALQO,), SiN, SiO, and a SiO,/SiN, stack [34].

Surface recombination on axial p-n junction QR arrays has a significant impact on both short
circuit current density (J_) and open circuit voltage (V, ). Through deep investigation of the
effects of different passivations and Si QR lengths as well as effective control of carrier recom-
bination, the efficiency has been recorded as 17.11% on large area (125 x 125 mm?) Si QRSCs
by conventional industrial manufacturing processes [34]. This idea opens a potential prospect
for the practical fabrication of large size Si QRSCs with satisfactory conversion efficiency.

4.4. Quantum dot solar cells

QD structures have been implemented in various SC applications and it is possible to synthesize
QDs in many compositions (semiconductors or metals) as well as coat them with dielectrics or
additional semiconductors [1]. One of the early efforts in the utilization of QDs was the down
conversion of high-energy photons [36]. The fundamental mechanism of down conversion is the
absorption of high-energy photon with relaxation into intermediate states within the bandgap
energy, thus emitting two lower energy photons. In a bulk SC, high-energy photons are excited
well beyond the CB edge, where they are mostly lost due to interaction with phonons (thermal-
ization). Down conversion aims to absorb these high-energy photons and shift them to lower
energies that are matched to specific absorber material in the SC. Several schemes have been pro-
posed to capture and convert the photons to lower energy that are better tuned to the bandgap
energy of the semiconductor using nanostructures. One of them formed Si QDs in a dielectric
layer deposited on top of a standard Si SC [37]. A small enhancement in quantum efficiency at
short wavelengths was observed; however, the overall efficiency was not enhanced. The opposite
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of down conversion is the up conversion of photons of energy below the bandgap energy that
are typically not absorbed by the bulk SC [38]. The typical mechanism of up conversion involves
absorption of sub-bandgap energy light into an intermediate state, followed by further absorption
of a second photon to the CB edge. Another novel band structure that can be obtained with QDs
is the intermediate band (IB), which is indeed a form of up conversion. This is possible because
the states of closely spaced QDs can overlap to form an effective band structure (min-bands) that
when finely tuned yields an IB. In the mid-1990s, a new proposal called QD intermediate band
SC (QDIBSC) appeared. In this type, the QDs are embedded in a p-i-n structure [39]. In addition,
another proposal used multi-layered Si QD arrays to create an all Si-based multi-junction SC [40].
The following sub-sections include more details about multi-junctions and IB SCs based on QDs.

4.4.1. Multi-junction solar cells

Wavelengths of the light spectrum from UV to IR cannot be effectively captured by a semicon-
ductor of particular E_. If E_is too large, most of the photons will not be absorbed; if it is too
small, the photons will be absorbed, but much of their energy will be lost by thermalization. To
overcome this phenomenon, various techniques have been suggested. One of these techniques
is multi-junction SCs (MSCs). The concept of MSCs uses several p-n junction SCs with different
bandgap energies in tandem which capture efficiently different parts of the light spectrum. The
use of different materials in MSCs constitutes a technology challenge because it is very expensive
such as GaInP/GalnAs/Ge SC which has achieved 41% efficiency [41]. It is good if one realizes
different bandgap energies using only one material such as Si whose bandgap energy is varied
using appropriate nanostructures. This idea is behind the all-5i multi-junction tandem SC using
different size of QDs nanostructure. Figure 10 shows this idea as the light comes to the top and
the lowest wavelengths are first absorbed whereas the higher wavelengths go through and are
absorbed in the middle and bottom cells. There are many ways of realizing such multi-layers. One
of the best ways is to deposit alternate thin nanoscale layers of SiO, and a silicon-rich oxide (SiO,,
x <2) [42]. During the annealing, the excess Si in the SiO, layer precipitates to form Si nanocrys-
tals separated by SiO, layers according to the reaction: 25i0_ = (2-x)Si+SiO,, thus achieving
the desired structure. The SiO_ layer thicknesses are controlled by varying the deposition time.
It is well known that the ground state energies of CCs are raised by the quantum confinement,
thus increasing the effective bandgap energy in a nanocrystal compared to the bulk. Further, the
smaller the size of the nanocrystal, the larger the bandgap energy. Figure 11(a) and (b) shows the
pictures of the multi-layer SiO,/SiO, structures, and the formation of Si nanocrystals after anneal-
ing at 900°C. Some bandgap energies of the nanocrystals were measured by using the photo-
spectrometer. The results showed that the bandgap energy increases as the nanocrystal size
decreases. When nanocrystal thickness changed from 2 to 10 nm, the bandgap energy changed
from 2.5 to 1.45 eV, respectively [43]. This establishes that the multi-junction tandem SCs can be
built with varying the bandgap energies by using only Si and its oxide.

4.4.2. Intermediate band solar cells

QDs super-lattice included in the active region of p-i-n single-junction SCs has been considered
as one of the candidates to realize the QDIBSCs, as illustrated in Figure 12. The IBs allow for
the absorption of low-energy photons that would otherwise be transmitted through the bulk
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Figure 10. Three junctions “all-Si’ tandem SC using two layers of Si QDs.

Figure 11. Pictures of 41-layers SiO,/SiO, structure before (a) and after (b) annealing [43].

QDssupe'rhtﬁce
LI L LY
Pl Eii HEEEEE o @ .
-i-[ T ¥ i
Dopmg %3 b
1B
AV =n P
AP 2 = i_i.',
—E : Er

i)

Figure 12. (a) Structure of QDIBSC and energy bands with possible photoabsorption and (b) simplified bandgap energies
with three relevant optical transitions [45].
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SCs [44]. In the last decade, there has been an extensive effort to demonstrate the QDIBSCs with
a central focus on III-V compound semiconductors [45-53]. QDs must be dense to achieve the
sufficient photo-absorption in QD layers. QDs are very small and do not absorb much light.
Thus, it is necessary to have several layers of QDs. But, these layers cause additional strain and,
therefore, the substrate of SC is damaged and performance is reduced. Therefore, the number of
QD layers is limited. The typical real density of QDs is the order of 10" per cm? in a single layer
for InAs QDs grown on GaAs substrate [47]. For multi-stacked InAs/GaAs SCs with 10 and 50
stacked QDs layers, shown in Figure 13, the QDs are vertically aligned in the growth direc-
tion without dislocations in 10 stacked QD layers. By contrast, a lot of strain-induced disloca-
tions are observed at both the GaAs substrate and InAs QDs grown regions on sample with 50
stacked QD layers. These defects lead to a significant non-radiative recombination and a reduc-
tion in photocurrent productions. Efficiencies of this configuration are now greater than 18%.
By using the intermittent deposition technique, ultra-high stacked In ,Ga  ,As/GaAs QDIBSC
fabricated [47]. The critical thickness in In ,Ga  As/GaAs system is much thicker than in InAs/
GaAs system. Therefore, In,,Ga, As QDs have the advantage of being able to ultra-high stack.
In this type, no dislocations are generated after the stacking up to 300 QD layers. They have
been successful in the stacking of 400 QD layers while keeping the high crystal quality.

More theoretical calculations have shown that efficiencies of 63% for IBSCs can be achieved
under maximum sun concentration and 47% for one sun, which is a significant improvement on
the corresponding maximum single junction efficiency of 41% [44—47]. The reason for improve-
ment of the efficiency in QDIBSCs is mainly that the IB formed among QDs increases absorption
of longer wavelength region sunlight and reduces non-radiative combination. Recent studies
have shown that efficiencies of QDIBSCs can be improved by using different compositions from
II-V semiconductor materials [48-53]. It depends essentially on controlling each of the QDs size
and the distances between them in the host materials. For example, in reference [48], the authors
designed and studied a theoretical model for one intermediate band QDs SC. The composition
of both QDs and host materials are InAs N, and GaAs,Sb, , respectively. These studies are
based on the Schrodinger equation and it is solved by using the Kronig-Penney model. This
work changes the size of QDs and the distance between them, and therefore controls of the loca-
tion of the IB between the CB and VB. The authors have changed the size of QDs by the values
of 8.1, 8.6 and 9.1 nm with the distance between the QDs in the host material constant at 1.98 nm.

® )

Figure 13. QDIBSC with 10 QD layers in (a) and 50 QD layers in (b) from InAs grown on GaAs substrate [47].
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Figure 14. Current density in (a) and output power conversion efficiency in (b) for QDIBSC at maximum concentration
[48].
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Figure 15. Efficiencies versus size of QDs (T,;) and distance between QDs (T;) for one IB and two IBs QDSC at one sun
and maximum sun concentration (MSC) [53]. One-IB QDSC at one sun and MSC. Two-IBs QDSC at one sun and MSC.

They obtained a relationship between the cell voltage and the output current density from one
side and the power conversion efficiency from another side, as shown in Figure 14(a) and(b).

From Figure 14, it is clear that the current density and efficiency of the cell change inversely
with change of the QDs size. The efficiency reached 57.5% and 70.4% at one sun and maximum
concentration, respectively [48]. One of the challenges of the QDIBSCs theoretical study is to
gather between the one and two IBs in the same time as it is a very complicated issue because
some parameters should achieve the physical nanostructure layer concepts. One of the impor-
tant parameter which should be preserved during theoretical derivation is potential bandgap
energy condition. Aly and Nasr recently studied these cases (one and two IBs) to determine
which one will yield highest efficiency [53]. From Figure 15, one can notice that the highest
efficiency is achieved in the case of two IBs and reached 73.55% at maximum concentration
with the following data: size of QDs is 5.25 nm, distance between them is 2.09 nm, and the
composition of both QDs and host materials are InAs N, and GaAs,Sb, ,, respectively.

5. Conclusions

In this chapter, current attempts for the use of nanostructure materials to improve the per-
formance of SCs have been reviewed. Some of the different ways to reduce the cost and
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increase the efficiency of SCs have been summarized. Nanostructures for SCs that have been
discussed in this work are nanocomposites, QWs, QRs and QDs. Nanocomposite SCs based
on thin films, hot carrier and dye-sensitized structures have shown promising performance
in commercial context. Nanostructured layers in thin film SCs offer a number of important
advantages such as the effective optical path for absorption is much larger than the actual
film thickness, recombination losses are greatly reduced, the absorber layer thickness can be
as thin as 150 nm and thus installation costs can be reduced and finally, reduced manufac-
turing costs as a result of using a low temperature process. The performance of hot carrier
SCs improves when the absorber layer is QDs superlattice. For dye-sensitized SCs, the wide-
bandgap energy semiconductors such as TiO, and CNT fibres in the form of nanoparticles
have been used to maximize the contact area between them and the dye. The presence of QW
in the depletion layer of SCs produces electric field that leads to the collection of charge carri-
ers photo-generated in the wells, leading to an enhanced current. The efficiency of this type is
improved when the number of QWs increases. QRs SCs improve the performance and reduce
the cost based on increased absorption due to diffuse light scattering in QR arrays, short col-
lection lengths of minority carriers and flexibility of cell integration on a variety of low-cost
carrier substrates. Finally, QDs have been shown to be useful in SC devices in various modes
such as multi-layered QD arrays and QDIBSCs. The efficiency for multi-junction achieved is
41%. Nanostructures are used to realize different bandgap energies using only one material
such as Si to reduce the cost. Therefore, all-Si multi-junction tandem SCs can be produced by
using different size nanocrystals or QDs from Si. The QDIBSCs are one of the most promising
candidates to improve and enhance the performance of SCs. More theoretical studies for this
type were carried by using different compositions from III-V semiconductor materials. In fact,
these studies showed that the performance of this type depends largely on the compositions
of materials, size of QDs and the distance between them in the host materials. The theoretical
efficiency in these SCs reached as high as 73.55%.
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Abstract

Herbicide market in agriculture is a multi-billion dollar industry with sophisticated
multi-impact issues, with increased weed resistance at the topmost. Nanoherbicides
under development in the current decade could be a new strategy to address all the
problems caused by the conventional non-nanoherbicides. With polymeric nanoparticles
often used as nanocarriers for herbicide delivery, the current era has seen the rise of new
nanoparticles-based delivery systems. As the potential use of nanostructured materials
enables the use of herbicides effectively and rules out the emergence of weed-resistant
population at an early stage, these very desirable nanotechnological practices in agricul-
ture are reviewed here.

Keywords: herbicide, nanoherbicide, nanotechnology

1. Introduction

The genetically acquired capacity of the weed population to survive a herbicide exposure
under normal usage conditions could be stated as herbicide resistance. The resistance brings
the illustration of Darwin’s ‘survival of the fittest’ principle. In a population of weeds exposed
to herbicide, only a few individuals develop resistance, while the rest dies due to the herbi-
cide action. This set resistant weed that survives eventually becomes a population of weeds
with acquired resistance to a particular herbicide. The uncontrolled and repeated applica-
tion of same herbicide will also select resistance plants. In some cases, multiple resistances
can also appear due to sequential selection. Over the globe, nearly 249 herbicide-resistant
weedy biotypes have been identified in over 47 countries. This number constantly grows on
an annual basis giving rise to new resistant weeds. Likely, some management practices also
give a rise to the development of herbicide-resistant weeds.
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The herbicide-resistant management mostly involves a proper weed control program, with
the aid of strategies such as usage of necessary herbicide specifically at recommended
dosage rate, rotation of herbicides within herbicide groups and usage of herbicides mixtures.
These strategies are followed for achieving the goal of effective control of resistance weed
population. The system of integrated weed management (IWM) combines the application
of all the possible weed control tools with accompanied economic crop production. Among
the used tactics for weed resistance, the use of herbicide mixtures and rotations was found to
be most useful. As weeds also have a hectic period to adapt to the management practice that
keeps changing, the reliability on the cultural control could be of great importance. In spite of
the reliance on the resistant management strategies, if the overuse of herbicides is controlled,
then herbicide resistance will soon become archaic.

Nanotechnology offers exciting ways for averting the herbicide overuse and also a safe and
effectual delivery [1]. The usage of nanostructured systems in agriculture has increased tremen-
dously in the current era for the controlled release of agrochemicals as well for plant nutrients
(Figure 1). The nanostructured herbicide could substantially reduce the herbicide consump-
tion rate and promise increased crop productivity. This technology of exploiting nanomateri-
als guarantees to improve the current agricultural practices via the enrichment of management
methods [2]. Nanoherbicides are one of the new-fangled strategies for combating the problems
of conventional herbicides. These are being developed for addressing the issues in annual
weed management and also for fatiguing the weed seed collection. The nanostructured formu-
lation performs action through controlled release mechanism. The nanoherbicides comprise a
wide range of entities such as polymeric and metallic nanoparticles. Nanoherbicides require a
glance in order to place nanotechnology at the premier level.

Advancements in nanotechnology could be boon for mitigating the unsolvable herbicide resis-
tance prevailing for centuries (Figure 2). The high penetration efficiency of nanoherbicides
helps in eliminating the weeds before resistance could develop. The nanocarriers required for
preparing nanoherbicides provide short- and long-residual herbicides based on the need by
averting the lethal dose at which the plant could develop herbicide resistance. The prepara-
tion of nanoformulation with appropriate carriers would provide a basis for sustainable and
economic agriculture. Nanoherbicides will start a high localization of the active substances
only within the target plants avoiding the evolution resistance to particular herbicide at the
basic level. Hence, the application of these nanotechnology-based miracle workers, nanoher-
bicides, for combating the herbicide resistance evolution is prodigious.

Expeutive nse of 3 Evolistion of - b B B | Polvmenc pmoparticles

herbicades {Single of W multmesistant woed | 3 i
mixhey) | specise e Y - Imorgans; nanoparticles

Figure 1. Hierarchy of the nanoherbicides evolution.
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Figure 2. Advantages of nanoformulation over conventional herbicide formulation.

2. Nanoherbicides

Nanoherbicides are formulated by exploiting the nanotechnological potential for effectual
delivery of chemical or biological pesticides with the help of nanosized preparations or nano-
materials-based herbicide formulations. Nanomaterials or nanostructures materials-based
formulations could improve the efficacy of the herbicide, enhance the solubility and reduce
the toxicity in comparison with the conventional herbicides. Early weed control with the use of
nanoparticle-based herbicide release systems could reduce the herbicide resistance potential,
maintain the activity of the active ingredient and prolong their release over a longer period [3].
The development of specific herbicide molecule encapsulated with nanoparticle aims at specific
receptors present at the root of the targeted weed. The developed nanoparticle enters the root
system of the weed and gets translocated to perform its action which in turn inhibits the glycol-
ysis of the plant root system. The targeted action creates starvation of the plant and thus kills it.
These nanoherbicides could also be used in rain-fed areas where herbicides get dissipated
through vapourisation due to insufficient soil moisture. With the help of controlled release
of herbicides via encapsulation, the weeds can be utterly destroyed. Apart from herbicides,
adjuvants normally used to enhance the herbicidal activity are currently claiming to include
nanomaterials. A glyphosate-resistant crop was reported to be made susceptible to glyphosate
upon addition of a nanotechnology-based surfactant on to a soybean micelle. Nanoparticles
can act as good carrier and also can form nanoformulation when added with herbicides. These
nanoformulations assist in overcoming the main drawback of herbicide industry such as evolu-
tion of herbicide resistant plants. The nanoparticle systems for herbicide delivery are mostly
composed of polymeric substances which are biodegradable with non-toxic metabolites.
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2.1. Polymeric nanoparticles

Among the various types of nanoparticles used for formulating nanoherbicides, polymeric
nanoparticle prepared either in the form of nanospheres or nanocapsules, is the most attrac-
tive form. Poly(epsilon caprolactone) is one polymer repeatedly used for the encapsulation
of atrazine herbicide. Poly(epsilon caprolactone) possesses good physico-chemical properties
along with enhanced bioavailability and biocompatibility. The polymeric nanoparticles con-
taining atrazine herbicide were prepared and were characterized for size, polydispersity
index, pH and encapsulation efficiency. The stability of the nanoparticles was found to be for
a period of 3 months. The nanoparticle formulations reduced the mobility of the herbicide
in soil but enhanced its herbicidal activity in comparison with free atrazine [4]. When tested
against target plant, Brassica sp., the polymeric nanoparticles encapsulated with atrazine
were proven effective. In another study, Grillo et al. [5] used the polymer for encapsulated
three triazine herbicides such as atrazine, ametryn and simazine to reduce the environmen-
tal impact caused by them. The encapsulated polymeric nanoparticles of triazines possessed
better association efficiency over 84%. The nanoparticles were found to have stability of size,
zeta potential, pH and polydispersity for nearly 270 days. The triazine herbicide formula-
tions revealed that the nanocapsules release the triazine via controlled release by relaxing the
polymeric chains in vitro release experiments. The polymeric herbicide nanoparticles showed
relatively less genotoxicity in Allium cepa chromosome aberration assay.

Alginate/Chitosan (Ag/Cs) nanoparticles were chosen for the encapsulation of parquet her-
bicide [6]. This polymeric complex has simple preparation methods adding further to their
alternative use in agricultural applications. The Ag/Cs nanoparticle carrier system showed
significant difference in the release profiles of free paraquat and the herbicide nanoparticles.
The herbicide nanocarrier has altered the interaction of the herbicide in soil and indicated the
effective means of averting the negative impacts of the herbicide induced by paraquat her-
bicide. Soil sorption studies with Ag/Cs herbicide paraquat nanoparticles exhibited depen-
dence on the quantity of present soil organic matter. The enhanced interaction of paraquat
released from Ag/Cs system in comparison with free paraquat revealed the effective of these
polymeric nanoparticles as an excellent choice for eliminating the herbicide usage-associated
ill effects. In a different study, the paraquat herbicide was encapsulated onto chitosan/tripoly-
phosphate nanoparticle and was proved efficient with this polymeric nanoparticle system as
well. The herbicidal efficiency of paraquat was not found reduced even after encapsulated
with very less toxicity. Cell culture viability tests and Allium cepa chromosomal aberration
tests testified to the increased safety of the polymeric herbicide systems against non-target
organisms [7]. Few works reported till date on polymeric nanoparticles encapsulated with
herbicide provides a safe basis for using herbicides by reducing the adverse environmental
impacts caused by them on human health as well on the environment.

2.2. Inorganic nanoparticles

Silica dioxide nanoparticles (5iNP) were explored as inorganic herbicide carriers in the recent
past for active substances which are pH sensitive. These SiNPs maintain optimal herbicide
concentrations with accompanied reduction in frequency of herbicide consumption rate.
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These systems protect and stabilize the herbicide and reduce their wastage with easy deposit
on the plant leaves. Rani et al. [8] stated the possible use of silica nanoparticles as herbicide
carriers via a dynamic adsorption mechanism and sustained release. Though hypothesized,
the use of SiNPS as herbicide carrier is yet to be explored in means of leaching behaviour,
controlled release and toxicity.

2.2.1. Agro industrial waste based nanoparticles

In a study by Abigail et al. [9], an attempt was made to nanosized rice husk waste and was
used as nanocarrier for 2,4-dichlorophenoxyacetic acid herbicide (2,4-D). The rice husk waste
was brought down to nanosize and was surface adsorbed with 2,4-D to act as herbicide nano-
carrier. The rice husk nanocarrier showed enhanced and reversible sorption of 2,4-D, illustrat-
ing its uniqueness to act as good carrier for encapsulating herbicides. The adsorption of 2,4-D
on to the rice husk was not found to minimize the herbicidal activity when tested against
target weed, Brassica sp. in comparison with free 2,4-D (Figure 3). The rice husk-based her-
bicide delivery system could be a boon due to its multiple advantages of utilizing the waste
constructively apart from effectively using the herbicide with environmental contamination.
Thus, the evolution of weeds with acquired resistance due to the uncontrolled use of herbi-
cides could be eradicated with the help of these nanostructured herbicide carriers.

Figure 3. Bioactivity of rice husk-based 2,4-D nanoformulation against target weed Brassica sp. in comparison with other
conventional methods [9].

3. Conclusions and future directions

Thus, in the current scenario, the overuse of herbicides to boost the crop production has left
the soil, ground water and food products polluted. Although increasing the agricultural prod-
ucts is vital, the indirect damage on the environment cannot be unnoticed. Nanotechnology
with promising results in the agricultural sector with its unique way of applying the pesti-
cides, fertilizers etc., could enable the human population to finally visualize the dream of
attaining sustainable and eco-friendly agricultural technology. This dream of exploiting the
nanotechnological methods in agriculture is still in nascent stage. Therefore, development of
systems that would improve the release profile of herbicides without altering their character-
istics and novel carriers with enriched activity without significant environmental damage is
the focus areas that require further investigations.
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