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Preface

Nanocrystalline materials have been attracting much attention in the field of future
science and technology. Indeed, the scientific interest in these materials in the
powdered and bulk form is associated mainly with expectations of various size
effects on their properties. Thus, the term “nanocrystalline materials” relates to the
sizes of structural elements. The range of application of these materials is huge,
such as more efficient catalysts, films, magnetic materials, protective coatings,

and biological and biomaterials. Many compounds and elements, if made in the
nanoscale, behave quite differently from how they would have in their conventional
state, and these new physical and chemical properties give rise to a whole new field
of scientific study.

The overall purpose of this book, “Nanocrystalline Materials”, is to present selected
advanced topics on nanocrystals, allowing the book to be a good resource for
scholars and students of material science, nanotechnology and physical chemistry.
The chapters for this book have been contributed by the most respected researchers
in this area and give an overview of selected properties and applications of nano-
crystalline materials. IntechOpen and myself as the editor hope that this book will
aid current research and prove to be very useful to the scientific community. If so,
this will be the nicest reward for us. Ultimately, I wish to thank all the authors for
their contributions and I should like to acknowledge the sustained helpfulness and
dedication of the publisher’s staff, in particular of Mr. Gordan Tot by his insistence
for this interesting project.

Behrooz Movahedi

Associate Professor,

Department of Nanotechnology Engineering,
Faculty of Advanced Sciences and Technologies,
University of Isfahan,

Isfahan, Iran






Section 1

Introduction







Chapter1

Introductory Chapter:
Nanocrystalline Materials

Behrooz Movahedi

1. Introduction

Nanocrystalline materials have been a hot research topic over the past 30 years.
These materials abound in industry, bridging the gap between molecular and
macroscale objects. Nanocrystalline materials are ultrafine-grained single-phase
or multiphase polycrystals with grain sizes in the range of 1-100 nm, as depicted
in Figure 1, the transmission electron microscopy (TEM) image of Fe-based
nanocrystalline coating. In fact, the extremely small sizes and a large volume
fraction of the atoms are located at the grain boundaries; on the other hand, these
materials consist of about 50 vol.% crystalline component and 50 vol.% interfacial
component.

It is recognizable that the nanocrystals are typically specified as anything, such
as small grain polycrystalline materials, nanosynthesized surfaces, nanoparticles,
and polymer micelles; each of them has varied usages, from drug delivery, to super
capacitors, catalysts, and sensors. These materials are of interest for the following
reasons:

1. The properties of nanocrystalline materials differ from the properties of single
crystals and coarse-grained polycrystals and are amorphous with the same
chemical composition. This deviation is strongly related to the reduced crys-
tallites size as well as the large amount of grain boundaries between adjacent
crystallites.

2. The concept of nanocrystalline materials seems to authorize the alloying of
components which are immiscible in the solid or molten state. These fabricated
alloys could be good candidates for advanced and technologically marvelous
properties.

Itis clearly seen that at a nanometric scale, the nanocrystalline materials contain
a high grain boundary volume fraction; therefore grain boundaries and their inter-
actions with crystal play a remarkable role in the different properties. It is important
to point out that those nanocrystalline materials, as a new generation of advanced
materials, have superior properties to conventional coarse-grained polycrystalline
materials. They exhibit outstanding mechanical and physical properties such as
high strength and hardness, low elastic modulus, improved ductility/toughness,
excellent fatigue and wear resistance, increased diffusivity, higher electrical resis-
tivity, reduced density, higher thermal expansion coefficient, enhanced specific
heat, lower thermal conductivity, and better soft magnetic properties.

Nanocrystalline materials can be fabricated by gas condensation, plasma deposi-
tion, spray conversion technique, mechanical alloying, and some other methods.
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Nanocrystalline Materials

Figure 1.
TEM image of Fe-based nanocrystalline coating (unpublished image).

Obviously, there are two approaches to fabricate the nanocrystalline materials:
“top-down” and “bottom-up.” Both approaches play significant roles in industry
and have some advantages and disadvantages. Bottom-up approach is nothing new
in material synthesis and often emphasized in nanotechnology literature. As a mat-
ter of fact, the typical synthesis of materials is to build atom by atom on a large scale
and has been used for over a century in industrial applications. Bottom-up approach
mentions the buildup of a material from the bottom as molecule by molecule, atom
by atom, or cluster by cluster. In the process of crystal growth, the growth species
such as atoms, molecules, and ions assemble into crystal structure one after another
after impinging onto the growth surface. Bottom-up approach also promises a pref-
erable chance to get nanocrystalline materials with less defects, more homogeneous
chemical composition, and higher short- and long-range ordering. It is recognizable
that the bottom-up approach is driven mostly by the reduction of Gibbs free energy
(AG), so that the nanocrystalline materials are in a state closer to a thermodynamic
equilibrium state. In contrast to this, top-down approach most likely insets internal
stress, in addition to contaminations and surface defects. Attrition or ball milling

is a generic top-down method in making nanostructures, whereas the colloidal
dispersion or gas-based reduction is a usual example of bottom-up approach. The
former produces polycrystalline structures with irreproducible crystallography

and poorly controlled grain orientation. The latter has generated a reproducible
collection of structures and architectures, including alloys, pure metals, anisotropic
nanostructures, and core-shell. In lithography, the process may be assumed as a
hybrid approach, since the thin film growth is bottom-up and etching is top-down,
while nanolithography is generally a bottom-up approach.
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Chapter 2

Silicon Nanocrystals and
Amorphous Nanoclusters in SiOy
and SiN,: Atomic, Electronic
Structure, and Memristor Effects

Vladimir Volodin, Vladimir Gritsenko,
Andrei Gismatulin and Albert Chin

Abstract

Semiconductor nanocrystals in dielectric films are interesting from fundamental
aspect, because quantum-size effects in them appear even at room temperature, so
such objects can be called as “quantum dots”. Silicon nanocrystals and amorphous
silicon nanoclusters in substoichiometric SiO, and SiNy, films are traps for electrons
and holes that apply in nonvolatile memory devices. In this chapter the formation
of silicon nanocrystals and silicon amorphous nanoclusters in SiOy and SiNy, films
was studied using structural and optical methods. The phonon confinement model
was refined to obtain sizes of silicon nanocrystals from analysis of Raman scattering
data. Structural models that lead to nanoscale potential fluctuation in amorphous
SiO, and SiN, are considered. A new structural model which is intermediate
between random mixture and random bonding models is proposed. Memristor
effects in SiOy films are discussed.

Keywords: silicon suboxides, silicon subnitrides, nanocrystals, amorphous
nanoclusters, phonon confinement model, nanoscale potential fluctuations,
memristor

1. Introduction

Nanometer-sized semiconductor crystals, the so-called nanocrystals (NCs) and
amorphous nanoclusters, embedded in wide-gap insulating matrices, have shown
significant promises for application in nanoelectronics (nonvolatile memory) and
optoelectronics (light-emitting diodes (LEDs)) [1]. Quantum effects in such hetero-
systems are manifested even at room temperature. For example, a bright
photoluminescence (PL) was observed in dodecyl-passivated colloidal Si NCs with
external quantum efficiency (QE) up to 60% [2]. Since in some experiments single
NCs originated delta-function-like energy photoluminescence spectra [3], they can
be called as quantum dots. In metal-dielectric-semiconductor structures based on
SiNy films with Si nanoclusters, an effective electroluminescence with red, green,
and blue light-emitting diodes was demonstrated [4]. Since NCs in a dielectric
matrices act also as traps for charge carriers, the NCs’ based structures have also

9 IntechOpen



Nanocrystalline Materials

perspectives to yield nonvolatile memory devices [5]. Last time the perspectives of
application of nonstoichiometric SiO, and SiNy, films with Si NCs and amorphous
nanoclusters in memristors have arisen [6]. This chapter is devoted to formation,
structural and optical studies of such films, and the development of new structural
models which would explain the presence of nanoscale potential fluctuations in
such nonstoichiometric films.

2. Forming of Si NCs and amorphous nanoclusters in dielectric films

There are several technological approaches for the fabrication of Si NCs and
amorphous Si nanoclusters in various dielectric films: Si* ion implantation with
consequent thermal annealing; co-sputtering of Si and SiO, targets on cool sub-
strates; chemical vapor deposition (CVD) and plasma-enhanced chemical vapor
deposition (PECVD) methods; evaporation of Si, SiO, or SiO, under high vacuum
and their deposition onto cool substrates; evaporation of Si target in atmosphere
with definite partial pressure of oxygen; and deposition on cool substrates. Each
method has advantages and peculiarities.

The main advantage of ion implantation is a very precise control of the dose of
the embedded silicon atoms—control of the projected range of silicon ions (it
depends on the energy of ions). The disadvantage is the need for high-temperature
annealing for the formation of silicon nanoclusters and even more high-
temperature annealing (up to 1150°C) for their crystallization. So, this process
cannot be “back-end-of-line” process in device production.

The benefits of different approaches that use co-sputtering are simplicity, the
possibility to control stoichiometry using various intensity of evaporation of the
targets, and the opportunity to use different substrates. The CVD and PECVD
methods allow using large-scale substrates; the control of stoichiometry is possible
using different ratios of reagent gases. The main advantage of PECVD is low tem-
perature of the deposition process, but because almost all reagent gases contain
hydrogen, the deposited SiOy and SiNy films are hydrogenated; in this case they
should be marked as SiO,:H and SiNy:H films. Sometimes the hydrogen content is
undesirable because it leads to instability of the characteristics of the films.

It should be noted that applying of various deposition methods leads to variation
of the structural model of nonstoichiometric films. The structure of
nonstoichiometric SiOy or SiNj, films can be described in the framework of the
random mixture (RM) or random bonding (RB) models [7]. In the RM model, SiO,
is treated as a mixture of two phases: the stoichiometric phase SiO, and the Si. In the
RB model, SiO, is assumed to consist of Si==Q (v)/Si(4 — v) structural units, v =0, 1,
2, 3, or 4, in which Si atoms statistically substitute O atoms in each Si==0(4)
structural unit. The structure of films formed by ion implantation and co-sputtering
with ion beam evaporation of targets is closer to RB model; the structure of PECVD
films can be closer to RM model. But structure of real films is always not pure RB or
pure RM, and real structure of the films (which is the cause of nanoscale potential
fluctuations in nonstoichiometric films) will be discussed below.

3. Raman scattering in SiO, and SiN, films: phonon confinement
in Si NCs

Direct methods for studying the structure of nonstoichiometric films (such as
high-resolution transmission electron microscopy (HRTEM)) are usually very
time-consuming and destructive. Optical methods for studying the structure of NCs
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and amorphous nanoclusters are nondestructive and express. Among the optical
methods, the most informative is inelastic light scattering—Raman scattering.

Raman scattering measurements are usually carry out to check the presence of a
crystalline or amorphous Si phase in as-deposited and annealed SiO,, and SiN,, films.
Due to the absence of long-range order and breaking of translation symmetry, the
Raman spectrum of amorphous Si is an image of effective density of vibrational
states for transversal optical (TO) and transversal acoustical (TA) modes and con-
tains two broad peaks at approximately 480 and 150 cm ™, correspondingly [8].
According to the quasi-momentum selection rules, in monocrystalline silicon, only
phonons from the center of the Brillouin zone are active in Raman scattering;
therefore the frequency of the Raman peak in this case is 520.5 cm ™" [9], and the
full width on half maximum (FWHM) usually is about 5 cm % it is much narrower
than the width of amorphous peak. The intensity of the crystalline peak depends on
the contents of the crystalline phase, and, using the analysis of experimentally
measured integrated Raman scattering intensities I. and I, for c-Si and a-Si phases,
one can obtain the volume part of crystalline phase in a two-phase film. The critical
parameter of this method is the ratio of the integrated Raman cross section for c-Si
to a-Si, y = X./%,. Knowing this parameter, one can use the next equation:

pc:IC/(IC +yla) €

Recently, we have clarified the Bustarret data [10] on the dependence of the
parameter y on the size of nano- and micro silicon crystals [11].

Due to softening of the conservation law of quasi-momentum in NCs, the
short-wave phonons can take part in Raman scattering in this case. The confined in
NCs phonons are characterized by a narrow peak at a position of 500-520 cm .
The position and the width of the peak strongly depend on the size and structure of
the NCs [12, 13]. We have developed an improved phonon confinement model
(PCM) for the analysis of average size of Si NCs from Raman data.

PCM allows us to calculate the Raman spectra for NCs of various sizes [12-14].
The physical entity of the model is the following. The eigenfunction of phonon with
quasi-momentum Aqq in an infinite crystal is

dD(qO,r) =u(r) %", (2)

where #(r) has the periodicity of the lattice and qg is the wavenumber of
phonon.

The eigenfunction ¥(q,, r) for a phonon confined in NCs is a function ®(qy, r)
multiplied by the phonon weighting function W(r, L) (“envelope” function for
displacement of atoms in NCs); the weighting function depends on NC size L:

\P(qmr) = W<r’L)¢)(q0’r) = ‘P/(qo,r)u(r), 3)

where ¥'(qq, r) is equal to W(r, L) ¢/ %*. The confined phonon can be
described by a wave packet. To calculate the Raman spectrum, one should expand
¥'(qq, r) in a Fourier presentation:

¥'(qq.r) = Jc(q07‘EI) ¢ d’q. 4)
The main task is the determination of Fourier coefficients C(q,,q) from an
adequate physical model. The “weight” of the phonon with quasi-momentum #q in

the wave packet is proportional to | C(qy, q) ’2.
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The wavenumber of scattered photon is in our case about three orders of
magnitude lower than the wavenumber of a phonon at the Brillouin zone boundary,
so one can assume q, = 0. So, the first-order Raman spectrum is

5
(@ — w(q)) (T/2)° ©

Iw%maw

where n (o' (q)) +1= W + 11is the Bose-Einstein factor, o' (q) is phonon
dispersion, and I" is FWHM of the Raman peak of a single phonon [12-14]. We also
have taken into account that the vibration modes (phonons) with lower frequencies
have higher amplitudes of vibration. Energy of vibration %@’ is proportional to
(u*)k, where (u?) is standard deviation of an atom from equilibrium position k
which is Hooke’s coefficient for a bond, and % = mw? (m is mass of an atom). So,
one can derive (#?) ~ h/w (Eq. (2.26) in book [15]). This correction is substantial
especially for phonons with large frequency dispersion, so we use the equation

(6)
a@ﬂw-mumm

1
Iwﬂmmw
0

It was shown [14] that using a Gaussian curve as eigenfunction for a confined
phonon leads to more adequate results than experimental spectra.

Usually, it can be assumed that NCs have a spherical shape with diameter L.
Therefore, in spherical coordinate system, the phonon weighting function W(r, L)
depends only on radius coordinate  and does not depend on angles. Assuming that
at the boundary of NC (» = L/2) the phonon amplitude is equal to 1/e (the phonon
amplitude at center of NC is equal to 1), one can obtain.

272
W(r,L) = exp (~4r/L?), 50 C(0,q) = exp( 4L ) [C(0.) " = exp (’%) @

Usually, only empirical expressions for phonon dispersion were used in PCM
[12, 13]. But the empirical expressions are accurate enough only near the Brillouin
zone center. Also, in earlier approaches, the differences between dispersions of
longitudinal optic (LO) and transverse optic (TO) phonons were usually not taken
into account. In general, for crystals with diamond-type lattice, there are six
phonon branches with dispersions @; (¢), so the first-order Raman spectrum for
phonon weighting function W (r, L) = exp (—4r?/L?) is

N o I _quz n( (q)) 1 i
=g l ) p< 8 >w,-’(q)'((w ; (q))2+(r/2)2)qdq' ®

Wavenumbers are varied from 0 up to qua.x (edge of the Brillouin zone). For
directions with high symmetry (<100> and <111>), it should be noted that some
phonon branches are degenerated. The density of states for phonons is proportional
to g’dq.

In some approaches, the phonon frequencies are determined using “ab initio”
quantum mechanical calculations [16], but this method requires large
computational resources, while NCs with diameters >3 nm contain more than 1
thousand atoms. So, for calculation of phonon dispersion, the Keating model of
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valence forces [17] was used. In this simple but adequate model, the elastic energy
of the crystal depends on bond length and on deviation of bond angle from ideal
tetrahedral angles. We consider atom-atom interaction only between the nearest
neighbor. For a crystal with diamond-type lattice, the elastic energy of unit cell is

(R I o (CRUR ORI

]>k

9)

where k; and k are elastic constants (Hooke’s coefficients) and  is lattice
constant. TO and LO phonons at the Brillouin zone center are degenerated for
crystals with diamond-type lattice. The frequency is given by

o = 8(]6[;;”3]6[/,) (10)

where m is the mass of Ge atoms. As it was mentioned above, Si frequency of
TO and LO phonons at the Brillouin zone center is equal to 520.5 cm™ . So, the
elastic constants ky and k; are not independent [see Eq. (10)]. The elastic constant k;
was determined from approximation of calculated dispersions in directions <100>,
<110>, and <111>, obtained from neutron scattering data [18, 19]. It is important
to consider phonons of different directions, because in experiment, Raman signal
comes from a large amount of randomly oriented NCs, and all phonon modes are
intermixed. The exact expressions for phonon dispersions in directions <100>,
<110>, and <111> for Keating model are published in Ref. [14] and are very
cumbersome. To calculate the first-order Raman spectrum, one should use these
dispersions in the Eq. (8). Dispersion in different directions should be used with its
corresponding weight. There are 6 physically equivalent <100> directions, so the
weight of this dispersion is 6. Similarly the weight of dispersion along <111> and
<110> directions are, respectively, equal to 8 and 12. Thus, all calculations were
performed with the phonon dispersion in the Keating model, taking into account
the phonon dispersion for the three main directions in Si.

Figure 1 shows the results of calculations of the Raman spectra of Si NCs of
different diameters using improved PCM. It is seen that for Si NC with diameter of
10 nm, the effect of phonon confinement is significant. The peak shifted and
broadened relative to the peak from the bulk Si. For sizes below 10 nm, the NCs’
Raman spectrum becomes asymmetric.

Figures 2 and 3 summarize the results of calculations compared with experi-
mental results. Figure 2 shows the difference between the position of Raman peaks
of Si NCs and bulk Si. The average sizes of the Si NCs were determined from
HRTEM data. As can be seen, the results of calculations in improved PCM agree
well with experimental data but have some differences from the simulation results
presented in earlier works [12, 13, 16]. It should be noted that results of calculations
in the improved PCM are adequate for a broad range of Si NCs’sizes (from 3 to
10 nm). Note, however, that if during measurements, the heating of the sample
under laser spot takes place, the Raman peak will shift (due to anharmonicity of
phonons). If the system contains mechanical stress, it will also cause a shift of the
Raman peak [14]. Figure 3 shows the dependence of the Raman peak width with
the size of the NCs, for calculation with improved PCM and for experimental data.
Some differences between the experimental data and calculations are visible. In
particular, large width of the experimental spectra, compared with the calculated
spectra, may be due to the dispersion of the size of the Si NCs. Thus, if
anharmonicity effect due to heating or mechanical stress is not relevant, the present
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Figure 1.
Calculated Raman spectra of Si NCs of diameters from 10 to 3 nm.
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Figure 2.

Shift of the position of the Raman peak for optical phonons confined in Si NCs of various sizes is shown relative
to position of Raman peak for bulk Si. The solid curve represents the results obtained using improved PCM
(dispersion is calculated in the Keating model taking into account the angular phonon dispersion); red crosses
show the experimental data.

improved model allows us to determine the average size of the Si NCs from the
analysis of the Raman spectra for a wide range of sizes.

Experimental data on Figures 2 and 3 were obtained for Si NCs in SiOy, SiNy,
and amorphous Si matrix and also for free-standing Si nanopowders. This indicates
that the PCM is adequate for various matrices; the main demand is that localized
phonons in NCs strongly damp in matrix.

In Figure 4 the Raman spectra of PECVD-deposited SiO,:H films are shown.
Deposition was made from the mixture of monosilane (SiH4) diluted by argon (Ar)
and oxygen (O,) diluted by helium (He). The stoichiometry parameter “x” was
changed by varying of oxygen concentration. The temperature of Si (100) mono-
crystalline substrate was 200°C. The thickness of SiO,:H films was about 200 nm.

The value of stoichiometry parameter “x” was obtained from the analysis of X-ray
photoelectron spectroscopy (XPS) data.
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Width of the Raman peak for optical phonons confined in Si NCs of various sizes. The solid curve represents the
results of calculation; red crosses show the experimental data.
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Figure 4.
Raman spectra of SiO:H films of different stoichiometry.

Raman spectra were registered at room temperature in back-scattering geome-
try. For excitation, the 514.5-nm line of an Ar” laser was used. No polarization
analysis for scattered light was performed. A Horiba Jobin Yvon T64000 spectrom-
eter was used for measuring Raman spectra with a spectral resolution better
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than 2 cm ™. A special facility for microscopic Raman studies was also employed.
The laser-beam power reaching the sample was 2 mW. For minimization of the
heating of the structures under the laser beam, the sample was placed somewhat
below the focus in a situation in which the laser-spot size was equal to 10 pm.

So, registered Raman spectra of the SiO:H films and the Raman spectrum of a
monocrystalline silicon substrate are shown in Figure 4. Evidently, a very intense
signal due to silicon substrate is observed; this is a line due to the 520.5 cm ! long-
wave optical phonon. For clarity, the vertical scale is plotted logarithmic. Besides,
features originating from two-phonon scattering phenomena, namely, those due to
events involving two acoustic phonons (2TA ~300 cm L, LA + TA ~425cm™ ),
were observed in the spectrum of single-crystal silicon. SiO:H films are semitrans-
parent ones in the visible light, and their spectrum also exhibits a signal due to the
substrate. The narrow peaks with wavenumbers lower than 160 cm™* resulted from
the inelastic scattering of light by atmospheric molecules. As it was mentioned, in
Raman spectrum of amorphous Si clusters, there are TO (480 cm )-and TA
(150 cm ™ Y)-related broad peaks.

In Figure 4 one can see that the SiOy:H films with x < 1 contain noticeable
amount of amorphous Si clusters. In the spectrum of film with x = 1.2, the TO and
TA peaks are practically absent. If the structure of this film corresponded to the
RM model, then a significant number of clusters of amorphous silicon would
be present in it.

A similar picture is observed for PECVD-grown SiNy:H films (Figure 5a).

The studied SiNy:H films of different stoichiometric composition were grown
using PECVD from a mixture of ammonia (NH;) and monosilane (SiH,) on Si
substrates with orientation (001). It is known that the composition of SiN,, films
(0 < x < 4/3) depends on the NH3/SiH, flow ratio. The temperature of the
substrates during deposition was 150°C. The value of stoichiometry parameter “x”
was defined using of XPS data.
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Figure 5.
Raman spectra of SiN,:H films of different stoichiometry: (a) as-deposited films and (b) as-annealed films.
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One can see in Raman spectra of as-deposited SiNy:H films the amorphous Si
peaks (Figure 5a). It should be noted that the spectrum of Si substrate was
subtracted from spectra of studied structures. One can see that the SiN,:H films
with x < 1 contain noticeable amount of amorphous Si clusters. In the as-deposited
sample with x = 1.1, the signal from amorphous Si is present, but small.

In Figure 5b the spectra of SiN, films after annealing at Ar atmosphere (1100°C,
2 hours) are presented. One can see that in spectrum of sample with low concen-
tration of Si (x = 1.1), the annealing leads to growth of TO and TA peaks related to
amorphous Si. It means that the annealing contributed to the gathering of excess
silicon atoms into amorphous clusters and the structure of annealed film is close to
RM model. Nevertheless, even such a high-temperature annealing did not lead to
crystallization of amorphous nanoclusters. In spectrum of SiNy 75 film, there is
narrower peak with position 514.5 cm ™. The shift compared with position of peak
of monocrystalline Si is about 6 cm ™. According to the data presented in Figure 2,
such shift is corresponding to Raman scattering by optical phonons localized in Si
NCs with average size about 3 nm. It is worth to note that this size is closed to
critical size of stable crystalline nuclei of Si.

The photoluminescence under excitation with ultraviolet laser HeCd laser
(A = 325 nm) was also studied in as-deposited and annealed SiN,:H films. Annealing
leads to an increase in the intensity of the photoluminescence, apparently due to the
annealing of non-radiative defects. The maximum of the photoluminescence signal
shifted to the long-wavelength direction (redshift) with an increase in the content
of excess silicon in silicon nitride films.

4. IR absorption in SiO, and SiN, films: the evidence of deviation from
the RM model

The SiOx:H and SiNy:H films were studied using Fourier transform infrared
(FTIR) absorption spectroscopy; the spectrometer FT-801 having a spectral resolu-
tion of 4 cm ™" was used.

The IR spectra of SiOy samples in Figure 6 show an absorption peak on the
stretching vibrations of the Si==O bonds (TO3 peak [20]). Pai et al. [21] found that
the position of this peak (in inverse centimeters) in SiOy films almost linearly
depends on the stoichiometry parameter x, like.

v =925+ 75x (11)

From the data of Figure 6, it can be seen that the position of the TO; peak for the
studied samples varies from 1040 to 1060 cm ™. So, according to Eq. (11), the
expected stoichiometry of silicon oxide SiOy should change only slightly. But,
according to XPS data, the stoichiometry of the SiOy, films varies widely (from 0.7
to 1.2). This suggests that the structure of our films does not correspond to the RB
model (otherwise, the shift range of the TO; peak position would be much wider).
However, the structure of our films does not correspond to the RM model either
(the position of the TO; peak for all the films would correspond to the SiO, matrix
and would be about 1075 cm™?). It is worth also to note that the peaks
corresponding to absorption by Si==H and O=—H bonds were observed in the films,
so the as-deposited SiOy films are hydrogenated.

Figure 7a shows the IR absorption spectra of as-deposited SiNy:H films as well as
silicon substrate. Nonpolar Si==Si bonds that are active in the Raman process are not
active in the absorption process, but Si==N, Si==H, and N==H bonds are active in it,
which makes it possible to obtain information on the structure of a-SiN,:H films
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Figure 6.
IR-absorbance spectra of SiO:H films of different stoichiometry.

using the IR absorption method. Optical density A (natural logarithm of 1/T, where
T is transmission) is plotted on the vertical axis. In the spectra of the films grown at
high ratio of ammonia to monosilane fluxes (x = 1.3), absorption peaks at

3340 cm ! are visible. This is the absorption on the stretching vibrations of the
nitrogen-hydrogen bonds [22]. In the spectra of the films grown at a ratio of
ammonia to monosilane fluxes of 1and 0.5 (x = 1.1 and 0.75 accordingly), the
intensity of this peak is very low, which means that the concentration of hydrogen
bound to nitrogen decreases with increasing concentration of excess silicon. It is
also seen from Figure 7 that the spectra of samples containing excess silicon contain
a peak with a position of 2150 cm ™. This is the peak from absorption on the
stretching vibrations of the silicon-hydrogen bonds [22]. The intensity of this peak
depends on the ammonia/monosilane ratio; the intensity is very low in SizNy film,
but it grows with increasing concentration of excess silicon. The peak at

~1100 cm ™" observed in all spectra corresponds to the absorption of stretching
vibrations of silicon-oxygen bonds in the silicon substrate. These bonds also give
peaks from 400 to 800 cm " of twisting, wagging, rocking, and scissor modes.

In addition, the spectrum of monocrystalline silicon contains peaks from
multiphonon lattice absorption in silicon itself (features in the region of

607-614 cm ). In some spectra, there is also a “parasitic” peak with a position of
2350-2400 cm " associated with absorption on carbon dioxide gas (in the process
of measuring its concentration slightly changed, as a result it was not completely
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IR-absorbance spectra of SiN:H films of different stoichiometry: (a) as-deposited films and (b) as-annealed
films.

removed when dividing the spectrum from the samples by the reference spectrum
of the air).

Let us turn to the absorption peak due to vibrations of the Si==N bonds in
Figure 7. In the spectra of all the films, there are peaks from the stretching vibra-
tions of these bonds. The spectra were approximated by Gaussian curves, and
peak positions were determined. The position of the absorption peaks on the
stretching vibrations of the Si==N bonds is shifted, depending on the stoichiometry,
from 880 to 860 cm ™. This effect was previously known (see work [23] and
references therein). The general dependence is that the oscillation frequency
decreases with decreasing stoichiometric parameter x in a-SiNy, film. This is
observed in our experiment and again confirms that the structure of the films
cannot be considered only within the framework of the RM model (in which
the stoichiometry of the matrix surrounding the silicon inclusions is unchanged—
the matrix parameter x is 4/3).

Figure 7b shows the IR absorption spectra of annealed (Ar atmosphere, 1100°C,
2 hours) SiNy:H films. One can see that annealing leads to evaporation of
hydrogen, except nearly stoichiometry (x = 1.3) film. In that film the Si==H peak
becomes even more intensive after annealing. So, hydrogen has been removed from
N=—H bonds to Si==H bonds. This effect has already been observed in the work
[24]. In the work [24], it was shown that in order to remove hydrogen from Si==H
bonds, it is necessary to apply high-temperature annealing at very high pressure. It
should be noted that in annealed films the position of the absorption peaks on the
stretching vibrations of the Si==N bonds is also shifted, depending on the stoichi-
ometry. The lesser parameter x, the higher is frequency of stretching vibrations of
the Si==N bonds.
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So, the analysis of IR absorption data is an evidence of deviation of structure of
real SiO, and SiNy films from the RM model.

5. New structural model explaining nanofluctuations of potential in
SiO, and SiN,

Nonstoichiometric silicon oxide SiO, and nitride SiNy are tetrahedral
compounds whose structure is defined by the Mott octahedral rule [7, 25]. SiO, and
SiNy are synthesized under thermodynamically nonequilibrium conditions.
Therefore, the structure of nonstoichiometric SiO, and SiNy layers depends on
synthesis conditions, i.e., temperatures, gas pressure, and annealing.

The RB and RM models [7] are two extreme cases of the SiO4 and SiNy structure
description. As a rule, at low synthesis temperatures (<300°C), its structure is
described by the RB model; higher synthesis temperatures promote phase separa-
tion in SiOy layers, i.e., such layers should be better described by the RM model.

According to the RB model [26], the probability of finding the SiO,Si4 v
tetrahedron (the fraction of given v-type tetrahedra), where v = 0, 1, 2, 3, 4 in SiO
for composition x, is given by.

W = e () (-3 )

According to the RM model [7], the calculated spectrum consists of two tetra-
hedron types, SiO, and SiSi4. The fraction of SiO4 and SiSi, tetrahedra in the
calculation of Si 2p spectra is (1 — x/2) and x/2, respectively. To simulate the
photoelectron spectrum I(E), the W, peaks obtained using the RB and RM models
were broadened by the Gaussian using the formula:

I(E) = ¥ W,e B/ (13)

where E, and o, are the peak energy and “half-width” for a given tetrahedron
type. The SiOy film composition was calculated assuming that the calculated spec-
trum is a superposition of five peaks corresponding to five SiOSi(4_y) tetrahedra,
v = 0,1, 2, 3, 4. The fraction of tetrahedral was selected from the best fit of the
spectrum I(E) calculated by Formula (12).

Figure 8a shows five experimental photoelectron spectra of the Si 2p level in
SiOy. We can see that the energy and half-width of the Si,, peak belonging to the
a-Si0; phase and the Si peak belonging to the a-Si phase are Eq = 103.5 eV and
6o=12eVand E; = 99.5eV and 64 = 0.6 eV, respectively. The position and half-
width for Sis,, Si,,, and Si, peaks (SiSiO3, SiSi;O,, and SiSizO tetrahedra) were
determined using linear interpolation of Eq, E4, 69, and o4 using the number of
oxygen atoms as a parameter. Dashed curves in Figure 8a show the spectra calcu-
lated from the best fit with experimental spectra. The calculation for the SiOj, film
composition predicts the following values, x = 0, 0.7, 0.98, 1.47, and 2.0.

Figure 8b shows the experimental photoelectron spectra of the Si 2p level in
SiOy and the results of RB model simulation. The RB model predicts a single peak
being a superposition of five peaks corresponding to five SiO,Si(4_y) tetrahedra
(v=0,1,2, 3, 4). The calculated peak shifts to lower binding energies with
decreasing oxygen concentrations. The position and half-width of the calculated
SiOy peak for x = 0.7, 0.98, 1.47 is not in agreement with the experimental spectrum
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(a) (left) Experimental photoelectron spectra of the Si 2p level in SiO, (bold curve) and simulation results for
determining the film composition (dashed curve). Symbols Si,,, Sis., Si,., Si, and Si indicate intensities of the
Si 2p level for SiO,, SiSiO;, SiSi,0,, SiSi;O, and SiSi, tetrahedra, respectively. (b) (right) Experimental
photoelectron spectra of the Si 2p level in SiO,. (bold curve) and the results of simulation using the RB model
(dashed curve). Symbols Si,,, Sis,, Si,,, Si,, and Si indicate intensities of the Si 2p level for SiO,, SiSiO;,
SiSi, 0,, SiSi;O, and SiSi, tetrahedra, respectively.

of the Si 2p level. The RB model underestimates the role of SiSi4 and SiO, tetrahedra
in calculating the intermediate SiO, composition (x = 0.7, 0.98, 1.47). Thus, there
are five SiO,Si(4_y) tetrahedron types in SiOy; however, the probability of their
detection is not quantitatively described by the RB model.

The calculation of experimental spectra using the RM model is shown in
Figure 9a. According to the RM model, the calculation predicts the existence of two
peaks corresponding to SiO,4 and SiSi, tetrahedra. The calculated energies of the Si
2p level peaks correlate with those of experimental spectra. The calculated spectra
underestimate the contribution of SiSiOs, SiSi,O,, and SiSi;O tetrahedra which exist
in experimental spectra. For example, for SiOg g, the calculation predicts the pres-
ence of the SiO, phase which is not observed in experimental spectra. Thus, the RM
model also does not describe the experimental photoelectron spectra.

We note that it is impossible to describe experimental spectra by summing the
RB and RM spectra in corresponding proportions. This is easily seen in the case of
the composition x = 0.7 for which both RB and RM models predict a significantly
smaller content of the SiO, phase than it is observed in the experiment.

Figure 9b shows the photoelectron spectra of the valence band of SiOy of
variable composition, measured at an excitation energy of 1486.6 eV. At such an
excitation energy, silicon states make the main contribution to the valence band
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(a) (left) Experimental photoelectron spectra of the Si 2p level in SiOy (bold curve) and the results of
simulation using the RM model (dashed curve). Symbols Si,, and Si indicate intensities of the Si 2p level for
SiO,, and SiSi,, tetrahedra, respectively. (b) (right) Experimental XPS data of the valence band of SiO,, SiO,,
and Si. The top of the silicon valence band is taken as the reference point.

spectrum. Oxygen states (O 2p) at such excitation energies make a small contribu-
tion due to a low photoionization cross section. The SiOy (x > 0) photoelectron
spectrum contains three distinct peaks. As the silicon contents in SiOy increase
above the top of the silicon valence band (E, Si), states caused by silicon

appear (Figure 9b). The low-energy peak at 0-4 eV is caused by Si 3p orbitals

in amorphous silicon. The peaks at energies above 4 eV are caused by Si 3s

and 3p orbitals. These results independently point to the fact that SiO, contains
SiO, and Si.

To describe the SiOy structure, it was proposed to use the intermediate model
(IM). The IM model assumes local fluctuations of the SiO, chemical composition,
which result in bandgap fluctuations. For example, in [27], it was shown that the
chemical composition of silicon oxide films can be identical, SiO; 94, while the
bandgap can vary in the range of 5.0-7.5 eV. Figure 10a shows the SiO,, energy-
level diagram for section A-A. The horizontal line (E = 0) is electron energy
reference point (the energy of vacuum). Symbols E, and E, denote the bottom of
the conduction band and the top of the valence band in SiOy. The SiO, bandgap is
8 eV [7]. Bandgap narrowing indicates a local increase in the silicon concentration
in SiOy. The least bandgap (E, = 1.5 eV) corresponds to the silicon phase. Thus, the
maximum scale of potential fluctuations for electrons and holes is 2.6 and 3.8 eV,
respectively. Figure 10a shows all possible versions of the SiOy spatial structure.
White, black, and gray colors correspond to SiO,, a-Si, and silicon suboxides,
respectively. If the silicon cluster size L is small, size quantization effects can be
observed in it. Such a cluster is indicated in the figure by numeral 1. Numeral 2
indicates the macroscopic silicon cluster in silicon oxide. In this case, the
intermediate layer of silicon suboxides is absent, and the Si/SiO, interface in the
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(a) IM model: the schematic two-dimensional pattern of the SiO, structure and the SiO,. energy-level diagram
for section A-A. White, black, and gray colors correspond to SiO,, a-Si, and silicon suboxides, vespectively. @,
and @y, barriers for electrons and holes at the interface a-Si/SiO,, respectively. (b) Model of potential
Sfluctuation (Shklovskii-Efros model) in a heavily doped compensated semiconductor; y is the Fermi level.

energy-level diagram boundary is sharp. Numeral 3 indicates the silicon cluster
surrounded by silicon suboxide. In this case, the Si/SiO, interface in the energy-
level diagram is shown by a smooth curve. Hereafter, it is assumed that the inter-
mediate region (silicon suboxide) size significantly exceeds the Si==O and Si==Si
bond length. Numeral 4 indicated the suboxide silicon cluster in SiO,. Numeral 5
indicates the silicon cluster in silicon suboxide. Numeral 6 indicates the suboxide
cluster in silicon, and numeral 7 indicates the SiO, cluster in silicon.

The model of large-scale potential fluctuations (Shklovskii-Efros model) in a
heavily doped compensated semiconductor was developed earlier (Figure 10b)
[28]. In this model, the bandgap is constant, and potential fluctuations occur due to
the nonuniform spatial distribution of the charged ionized donors and acceptors. An
electron-hole pair excitation results in spatial separation of electrons and holes,
which does not facilitate their recombination. The principal difference between
the proposed model of nanoscale potential fluctuations in SiOy and the Shklovskii-
Efros model is as follows. Large-scale potential fluctuations in compensated
semiconductors are of electrostatic nature associated with spatial fluctuations of the
charge density of donors and acceptors. The bandgap is constant (Figure 10b),
and the electric field caused by spatial potential fluctuations promotes electron and
hole separation. In SiO,, potential fluctuations are caused by local fluctuations of
the chemical composition.

In the IM model, in contrast to the Shklovskii-Efros model, the space charge is
absent. According to the IM model, local fluctuations in the SiO, chemical compo-
sition result in spatial potential fluctuations which, in turn, lead to changes in
local electric fields for electrons and holes. These fields at the same point of the
SiO4 sample are different in magnitude and direction (Figure 10a). When an
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Experimental XPS spectra of the Si 2p level in SiN,. (solid black lines) and the results of theorvetical modeling

using the IM model (dashed red lines). Green line is peak from Si==Si, tetrahedron, and magenta line is peak
from Si==N,, tetrahedron.

Ewii
: . . : s .
K 2 ] 4 3 o T
g LieV
E,
&= 1.5cY r
L8
L]
£ 8= 1.6V ‘ L SR TR

Figure 12.

Schematic diagrams illustrating the proposed intermediate model of SiN,: (a) a two-dimensional diagram of
SiN, structure showing (bottom) the regions of a silicon phase, stoichiometric silicon nitride, and subnitrides
and (top) the energy band profile of SiN, in the A-A section (E, is the conduction band bottom; E, is the valence
band top; @, and D), are the energy barriers for electrons and holes at the a-Si-Si; N, interfaces, vespectively; E,
is the bandgap width). (b) The potential fluctuations in Shklovskii—Efros model.
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electron-hole pair is excited in SiOy, the electric field for electron and hole promotes
(see in Figure 10a) their recombination. In the case of the radiative recombination
mechanism, SiO, is an efficient emitting medium. Nanoscale potential fluctuations
in SiO, promote electron and hole localization in potential wells (silicon clusters)
[7]. This effect is used for developing the high-speed nonvolatile memory based on
charge localization in SiOy and can be used in memristors.

In the case of SiN, films, the approach for determining the stoichiometric
parameter x from XPS data analysis is similar, but unlike Eq. (12), the probability of
finding the SiN,Si(4_y) tetrahedron (the fraction of given v-type tetrahedra), where
v =0,1,2, 3, 4in SiNy for composition x, is given by

| v 4—v
ol (T e

Experimental XPS spectra are also not described by pure RB or RM models.
However, good agreement between the experimental and calculated spectra is
observed for IM model (Figure 11).

The nanoscale fluctuations of potential in SiNy, films (Figure 12) are also similar
to nanoscale fluctuations of potential in SiOy. In the case of SiN, films, the IM is
more adequate to describe the real structure and fluctuation of potential. In
schematic picture in the bottom of Figure 12, one can see the possible appearance of
such structures—Si core surrounded by SiNy, shell and Si3N, matrix. So, the
proposed IM also can be called as core-shell-matrix model.

6. Memristor effects in SiO,, films

Resistive random-access memory (RRAM) [29, 30] is the highly promising
candidate for the next-generation nonvolatile memory (NVM), because conven-
tional charge-based memories, namely, dynamic random-access memory and flash
memory, have too low capacitance after continuously downscaling into 1X-nm
regimes. In addition, an RRAM array can be fabricated in the back end of the line of
a complementary metal-oxide-semiconductor circuit, which makes such device an
excellent candidate for embedded NVM (e-NVM) application. The typical write
speed of RRAM device ranges from 100 ns to 1 ps, which is three to four orders of
magnitude faster than flash memory. Such high-speed and process-compatible
e-NVM can enable hardware technologies such as artificial intelligence and
neuromorphic computing.

The conduction mechanism of RRAM, however, is not fully understood, and it is
generally attributed to metallic filament conduction because of its metal-insulator-
metal (MIM) structure, where the insulator is usually formed by metal oxide-based
dielectric. The first RRAM that does not contain any metal in both the electrodes
and dielectric insulator (nonmetal RRAM) is demonstrated here. To obtain RRAM
device, a 15-nm-thick SiO, was deposited directly on a p*-Si substrate by reactive
sputtering. Then, a 15-nm-thick amorphous n*-Si layer was formed as the top
junction electrode. The value x in SiO, was determined to be 0.62. Because no metal
or metallic ions were present in the whole RRAM device, metallic filaments were
not formed.

Figure 13(a) depicts the measured I-V characteristics of an n*-Si/SiOg ¢,/p*-Si
RRAM device. During the forming step, the device was first subjected to a 6 V and
100 pA compliance current stress to attain the LRS. The same device was reset into
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(a) 1-V characteristics of n*-Si/SiO, ¢,/p*-Si RRAM device under forming, set, and reset operations. I-V
dependences of (b) VS, (c) HRS, and LRS (d) curvents of n*-Si/SiO,/p*-Si RRAM and fitting curves of
Shklovskii-Efros model.

HRS after a negative voltage bias. Then, the device was set to LRS again under a
positive voltage bias. However, the positive set voltage was lower than the forming
voltage once the RRAM switching function was established.

The current conduction mechanism is crucial for RRAM devices. To understand
the conductive mechanism in this completely nonmetal RRAM, the measured I-V
curves at different temperatures were further analyzed. Figure 13(b), (c), and (d)
depict the measured and modeled I-V curves in the virgin state (VS), HRS, and LRS
conditions, respectively. All state the HRS and LRS currents adhere to the
Shklovskii-Efros percolation model [28]:

W, — (CeYavy)™
I=Ipexp | — (I:Tf“ 0) (15)

where Iy, W, a, Vo, C, and y are the preexponential factor, percolation energy,
space scale of fluctuations, energy fluctuation amplitude, numeric constant which is
equal to 0.25, and critical index which is equal to 0.9, respectively. The simulation
by the Shklovskii-Efros model gives reasonable model parameters to all resistance
state (Figure 13(b-d)). The percolation energy decreases with decreasing resis-
tance. The relation 2 x V%>* =1 x 107 cm eV°>? does not change from resistance
to resistance. This is due to the fact that decreasing resistance increases space scale
of fluctuations a, but decreases energy fluctuation amplitude V. In addition, it can
be said that the Shklovskii-Efros percolation model is applicable to the LRS case,
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(left) Retention characteristics of n*-Si/SiO,.¢,/p*-Si RRAM devices at RT and 85°C. (right) Endurance
characteristics of n*-Si/SiO, ,/p*-Si RRAM devices.

and then, it can be assumed that the conducting channel is not continuous. Hence,
the simulated results demonstrate that the charge transport of the n*-Si/SiO¢ ¢,/
p’-Si RRAM in VS, HRS, and LRS are described by the Shklovskii-Efros percolation
model.

Figure 13(a) plots potential switching mechanisms. During the forming step,
the current is conducted through the initial V,>* inside the SiO, layer [31]. When
the RRAM device was under sufficiently high positive voltage, soft breakdown in
SiOy occurred and disrupted the covalent bonds [32], generating unbonded Si ions,
0%, and V,2*. It is assumed that after generation of anti-Frenkel pairs, electrons are
redistributed to maintain charge neutrality, and new oxygen vacancies (V,°) and
interstitial oxygen atoms are formed [30]. Because the atomic size of O is signifi-
cantly smaller than Si, the interstitial oxygen atoms and V,° could migrate inside
SiOy under the applied electric field. At the end of the forming process, the inter-
stitial oxygen atoms were attracted to the positive voltage and accumulated at the
interface of top n*-i junction. Once the conduction path was formed, electrons
could transport through the V,°, creating the LRS current pass in the SiOy layer.
After application of a negative voltage, interstitial oxygen atoms moved away from
the top n*-i junction and recombined with V,° to rupture the conduction path—the
reset process. After a positive voltage was applied again, the set process behaved
as the forming process to form a conduction path, but under a lower positive
voltage than the forming voltage due to not all generating in the forming process
V,? recombined in the reset process.

Data retention and endurance are necessary characteristics for NVM, and they
are related to the nonvolatile behavior and lifetime of an RRAM device. Figure 14
(left) depicts the retention characteristics of the n*-Si/SiOg 6,/p*-Si RRAM device.
The completely nonmetal RRAM device could achieve favorable retention with a
slight resistive window decay from 1.9 x 10* to 8.7 x 10° at RT and 3.6 x 10° to
1.2 x 10 at 85°C after 10" s retention.

Figure 14 (right) depicts the pulsed endurance of the n*-Si/SiOg ¢,/p*-Si RRAM
device under set/reset pulses of +5/—5V for 1 ps. In this case, higher voltages were
used than DC switching cases because the energy to disrupt the covalent SiOy
bonds equals to the multiplication of I, V, and time. The resistance ratio between
HRS and LRS decreased after increasing the pulsed cycles; however, the device
exhibited excellent endurance with a resistance window of 89 after 10° pulsed
switching cycles [33].
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7. Conclusions

The silicon amorphous nanoclusters in as-deposited SiOy and SiNy, films and
silicon nanocrystals in the annealed films were studied using structural and optical
methods. To analyze the sizes of silicon nanocrystals from the analysis of Raman
scattering data, the phonon confinement model was refined.

From the analysis of XPS, Raman, and IR spectroscopy data, it has been
established that pure random mixture and random bonding models do not ade-
quately describe the real structure of the SiOy and SiNy, films. The intermediate
model was proposed. The nanoscale potential fluctuations in SiOy and SiNj, films
can be interpreted in the framework of the proposed model. The memristor effects
in SiOx-based nonmetal structures were demonstrated.
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Abstract

Ferrite-based nanoparticles, namely, bismuth ferrite (BiFeO;) and calcium fer-
rite (CaFe40;), have been synthesized via sol-gel and chemically dissolved method,
respectively, employing hematite (a-Fe;O;) as the Fe** ion source. Firstly, a-Fe,0;
nanoparticles were prepared from natural iron sand containing mostly magnetite
(Fe;04) phase through coprecipitation technique continued by sintering process
at 800°C for 2 h. Higher BiFeO; phase content was achieved after Bi-Fe gel being
annealed at 650°C for 1 h in air atmosphere. Furthermore, major phase of CaFe,O,
was formed with molar ratio of Fe’*/Ca”" = 6 and sintering temperature of 800°C
for 3 h. Interestingly, the powders with dominant CaFe,O; phase, known as cal-
cium biferrite, exhibit higher ferromagnetism at room temperature. The magnetic
properties of the calcium biferrite are comparable to those of barium hexaferrite
which can be applied for radar-absorbing material. Meanwhile, BiFeO; powders
also show weak room temperature ferromagnetism. It has also demonstrated that
Ni doping in the bismuth ferrite (BiFe;_xNi,O; with x = 0.1) nanoparticles results in
enhancement of the magnetic properties. Moreover, a ferroelectric hysteresis loop
and a trend of frequency dependence of the dielectric constant have been observed,
which were enhanced by Pb doping (Bi;_yPb,FeO; with y = 0.1). These results sug-
gest a multiferroic behavior in the BiFeO; nanoparticles.

Keywords: bismuth ferrite, calcium ferrite, iron sand, multiferroic, nanoparticles,
precipitation, sol-gel

1. Introduction

Development of functional nanomaterials for scientific and industrial applica-
tions is very crucial for advanced technologies. The use of natural resources as the
starting compounds for producing nanomaterials is currently developing. Many
researchers are exploring natural materials and even waste biomass applied as a
functional material that has a high selling value for various specific applications.
For example, the use of silica sand from Tanah Laut, Kalimantan, Indonesia, as a
raw material for manufacturing pure SiO,, zircon, and zirconia with high phase
purity and crystallite size in nanometer range was reported [1]. Moreover, natural
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iron sand exploration as a starting material has been shown to produce magnetite
(Fe304) nanoparticles as magnetic coating, magnetic fluid (ferrofluid), and mag-
netic gel (ferrogel) for radar-absorbing materials, biomedical applications, and
tissue engineering, respectively [2-5].

Fe30, is one of the magnetic particles that can be obtained from natural iron
sand after conducting the separation technique from its impurities by mechanical
and chemical processes. In nature, iron sand consists of more than 90 wt% of Fe;0,
particles. Generally, Fe;0,4 has been synthesized using commercial raw materials,
such as FeCl,.4H,0 and FeCl;.6H,0 [6]. The commonly used synthesis methods
are sol-gel, hydrothermal, and coprecipitation techniques [7-9]. Because Fe;0,
nanoparticles tend to agglomerate among particles, the addition of surfactants or
templates has been widely applied to produce homogeneous nanoparticles with
certain sizes and morphologies [10-14]. Research on preparing Fe;O, nanoparticles
from iron sand has been the main topic for the past few years. The use of doping, for
example, doping Mn and Zn, on Fe;0, makes it superparamagnetic so that it can be
applied in biomedicine applications [15-18].

Hematite (a-Fe,03) is the most stable iron oxides at high temperatures. a-Fe,0; is
commonly obtained from iron rust which is one of the dominant corrosion products
of iron metal or iron alloys. In general, a-Fe,O; nanoparticles have been success-
fully prepared by several methods, namely, hydrothermal [19] and coprecipitation
technique [20], using commercial raw materials, such as Fe(NO;)3-9H,0 and
FeCl;.6H,0, respectively. It is found that the concentration of Fe** ions used in the
preparation of a-Fe,0; nanoparticles may influence the particle size and morphol-
ogy, as well as the optical bandgap [20]. a-Fe,O; nanoparticles with particle size of
8 nm possess superparamagnetic properties with relatively high magnetization at
room temperature [21]. Therefore, it is possible to be applied for biomedical and
spintronic applications. Moreover, Liu et al. have successfully prepared porous
Fe,0; nanorods with particle size of ~10 nm and pore sizes in the range of 5-50 nm.
These porous Fe,0; nanorods exhibit excellent photocatalytic properties [22].

In the field of environmental engineering, a-Fe,O; nanoparticles can be synthe-
sized from hydrated ferric chloride and ferrous sulfate salt solution through chemi-
cal coprecipitation method and calcination process at relatively high temperature
of 500°C [23]. In addition, a simple chemically coprecipitation method has been
employed to obtain Fe;0,4 nanoparticles using HCl and NH,OH as dissolving and
precipitating agent, respectively [3]. Some researchers have investigated the trans-
formation from Fe;O, to a-Fe,O; phase through oxidation process of Fe** to Fe’*
ions [24]. It is noted that Fe;0, nanoparticles could be transformed into maghemite
(vy-Fe;03) and hematite (a-Fe,0;) via dry oxidation process at temperature range
between 350 and 400°C and 600 and 800°C, respectively [25]. Focusing on the use
of natural resources as raw materials for synthesizing functional materials, in this
chapter, a-Fe,0; nanoparticles were synthesized from natural iron sand through
chemical coprecipitation method followed by sintering process at temperature of
800°C. Then, the obtained a-Fe,O; nanoparticles were utilized as one of the raw
materials for preparing calcium ferrite (Ca-ferrites) and bismuth ferrite (BiFeOs)
nanoparticles as potential materials for radar-absorbing and data storage materi-
als, respectively. The physical characterizations for all obtained ferrite-based
nanoparticles include elemental and phase identification, particle morphology, and
magnetic and electrical properties.

Based on the phase diagram of CaO-Fe,0; system [26, 27], it is known that there
are three main phases of calcium ferrite compounds and those are 2Ca0.Fe,03
(CayFe,05), Ca0.Fe,0; (CaFe;0,4), and Ca0.2Fe,05 (CaFe40;). It is possible that the
reaction between CaO and Fe,O; results in other unstable calcium ferrite phases,
such as CaFe;;0;. In addition, Boyanov [28] has pointed out that the mixture of
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CaCO;-Fe,0; after thermal treatment has produced various types of calcium ferrite
compounds consisting of ~50% Ca0.2Fe,0;, ~20% Ca0.Fe,0;, ~8% 2Ca0.Fe,0;,
and other ferrite products. The formation of calcium ferrite compounds depends

on the kinetics of chemical reaction at the boundary between the phases and oxide
diffusion during the reaction affected by the concentration ratio of the existing Ca**
and Fe* ions as the precursors and also the atmospheric condition [29].

Calcium ferrite compounds exhibit soft ferromagnetism, and, therefore, it can
be used for radar-absorbing materials in the calcium ferrite/graphite nanocompos-
ites [30]. In this case, calcium ferrite nanoparticles have magnetic properties that
are comparable to barium ferrite (BaO.6Fe,0;) and strontium ferrite (SrO.6Fe,0;)
known as M-type hexaferrite for microwave-absorbing applications. In order to be
used for this application and also for biomedical applications as targeted drug deliv-
ery, calcium ferrite should exhibit superparamagnetic behavior [31]. Compared
with the other ferrites, such as MFe,O4 (M = Zn, Mn, Ni, and Cu), CaFe,0, is one of
the biocompatible materials and environmentally friendly due to the use of calcium
rather than heavy metals. Moreover, Ca,Fe,O5 with the brownmillerite structure
has a specific application as p-type thermoelectric device [32]. This is due to the fact
that this compound has interesting electrical properties [33, 34]. Oxygen deficien-
cies in the Ca,Fe,Os crystals may enhance the electrochemical activity [35]. On the
other hand, CaFe,O; has not been explored yet regarding its magnetic properties.
In contrast to the other calcium ferrites, in this chapter, CaFe,O; nanoparticles
were prepared by mixing Fe,O; from natural iron sand and CaCOs from natural
limestone.

Bismuth ferrite (BiFeO;) is one of multiferroic system showing a magnetic-elec-
tric coupling at room temperature. Multiferroic material has perovskite structure
with chemical formula ABO;. The type of A and B sites, the cation nonstoichiom-
etry, and the presence of oxygen vacancies may have an impact on the structural,
electronic, and magnetic properties [36]. BiFeOj; crystallizes in a distorted rhom-
bohedral perovskite with space group R3c [37]. It has high Curie temperature and
Néel temperature of 1100 and 640 K, respectively [38]. It is difficult to obtain a
pure phase of BiFeO; because the kinetics of phase formation leads to the formation
of secondary phases, such as BisFeOyq (sillenite) and Bi,Fe,Oq (mullite). Various
techniques have been reported to prepare single phase of BiFeO;, and those are
chemical coprecipitation [39], hydrothermal [40], and sol-gel methods [41-43].
The ideas of those techniques are to achieve a single phase of BiFeO; with a simple
route, low temperature, and cost-effectiveness. Wang et al. have found that the
formation of BiFeOj; phase starts at 425°C with impurity phases about 30% by the
low-heating temperature solid-state precursor method [44, 45]. Further calcina-
tion from 450 to 550°C results in a pure BiFeO; phase without any impurity phases.
However, impurity phase of Bi,Fe,Oq has been detected in the powder calcined at
above 650°C. Moreover, BiFeO; nanoparticles synthesized by microwave-assisted
sol-gel method at calcination temperature of 450°C exhibit a pure phase of BiFeO;
structure with particle size of 40 nm and no detected secondary phase [46].

Magnetic and dielectric properties of BiFeO; nanoparticles are determined by
the introduction of doping and particle size influenced by the synthesis method,
temperature, and duration of calcination. It has been found that all magnetic
parameters, such as saturation magnetization, enhance with decreasing particle size
[43]. BiFeO; nanoparticles with the size below 100 nm have weak ferromagnetism
at room temperature. This ferromagnetic behavior in the nanoparticles is due to the
presence of oxygen vacancies in BiFeOj; system [41, 47]. Enhancement of magnetic
as well as dielectric properties in BiFeO; can be achieved by adding doping of Mn,
Ni, Pb, Ti, Sr, and Zn [48-56]. Up to the present, there have been various studies
examining the doping effects of BiFeO; nanoparticles with numerous advanced
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techniques to improve their performance. In the case of the enhancing magnetiza-
tion induced by doping, it has been suggested that this is probably due to increasing
distortion of local structure, increasing the effect of Dzyaloshinskii-Moriya (DM)
interaction, distortion of Fe and O bonding, destruction of spin cycloid structure,
and the presence of impurity phase in the BiFeO; systems [53, 57]. Besides affecting
the magnetic properties, introduction of doping in BiFeO; leads to the improvement
of dielectric and ferroelectric properties [50, 58, 59]. Yuan et al. [54] have found
that a sufficient amount of Sr/Pb doping can improve the magnetic properties as
well as high-frequency dielectric properties.

In addition, the dielectric properties of pure BiFeO; phase strongly depend on
the atmospheric condition during the powder synthesis. Liu et al. [60] have found a
higher spontaneous polarization and lower breakdown field based on polarization-
electrical field (P-E) hysteresis loops in the samples annealed in H, and N, atmo-
spheres. In this chapter, BiFeO; nanoparticles were synthesized by sol-gel method
using natural iron sand as one of the raw materials and calcined in air atmosphere.
Then, the ferroelectric and the dielectric properties were intensively investigated in
the Pb- and Ni-doped BiFeO; nanoparticles.

2. Preparation of hematite (x-Fe,O3) nanoparticles

Prior to the preparation of a-Fe,O; nanoparticles, at first, Fe;0, nanoparticles
were synthesized from natural iron sand as the raw material by coprecipitation
technique using HCI as dissolving agent and NH,OH as precipitating agent. The
detail of experimental procedure to synthesize Fe;0, nanoparticles was also
described in elsewhere [3]. First of all, the extracted iron sand was collected
and dissolved in 12 M HCl at ~70°C under continuous and constant stirring of
600 rpm. The obtained solution from the reaction process was filtered and added
slowly with 6.49 M NH,OH under the same temperature and stirring speed for
30 minutes. Then, the black precipitates were formed. The precipitate (Fe;0,4
phase) was initially washed with distilled water until pH 7 and then dried at 70°C
for 5 h. In order to get a-Fe,0; phase, the dried nanopowder (Fe;0, phase) was cal-
cined at 800°C for 2 h, as shown in Figure 1. Finally, the Fe,0; powders from this
calcination were continued by performing coprecipitation process again with the
same experimental procedure as before until the precipitation process. A reddish
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Figure 1.
Hematite (a-Fe,0;) synthesized from natural ivon sand (Fe;0,) by coprecipitation method followed by
calcination process at 800°C for 2 h.
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precipitate (Fe;03.H,0) was formed. The resulted precipitate was then washed and
collected for further synthesis of CaFe,O; and BiFeO; (without and with doping of
Pb and Ni) nanoparticles.

3. Preparation of calcium ferrite nanoparticles

Calcium biferrite (CaFe,;O;) nanoparticles were synthesized by the so-called
chemically dissolved method using precipitated CaCO; and Fe,0; as Ca** and Fe’*
ion sources, respectively. Fe,0; powders were obtained as described previously from
natural iron sand, whereas the precipitated CaCO; particles were synthesized from
natural limestone through carbonation process. First, the natural limestone was
extracted from the existing impurities, such as silica, and then it was calcined at
900°C for 6 h to produce CaO. The CaO powder was dissolved into distilled water
to produce Ca(OH); solution. The carbonation process using CO, gas flow was
performed until it formed a precipitation at pH around 7. The precipitated CaCO;
was filtered and dried for further synthesis. The detail procedure was also explained
in the former paper by Arifin et al. [61].

In the synthesis of the calcium ferrite nanoparticles using the chemically dis-
solved method, the obtained Fe,0; and precipitated CaCO; were dissolved in HNO;
to get Fe(NO)3 and Ca(NO), solutions, respectively, with a molar ratio of 1:6. Both
solutions were mixed homogeneously and heated at constant temperature (80°C)
and stirring rate (600 rpm) until it formed slurry precipitates. The precipitates
were washed using distilled water and dried at 80°C for 10 h. The resulted powders
were collected and then sintered at 800°C for 3 h.

4. Preparation of bismuth ferrite (BiFeO;) nanoparticles without and
with Pb and Ni doping

Nanoparticles of undoped, Pb- and Ni-doped BiFeO; (BiFeOs, Bi oPbg 1FeO;,
and BiFe( gNij 103, respectively) were prepared by sol-gel method. The starting
materials were Fe,0; synthesized previously from iron sand (94%) as the Fe’* ion
source and Bi,0; (Aldrich, 99.9%) as the Bi** ion source. Pb(NO;), (powder, 99%)
and Ni(NOs),.6H,0 (powder, 99%) were used as the Pb and Ni doping, respectively.
Fe,0;, Bi,03, Pb(NO;),, and Ni(NO;),.6H,0 powders were dissolved separately
by HNO; (Merck, 65%) to form solutions of ferrite nitrate, bismuth nitrate, lead
nitrate, and nickel nitrate, respectively, with the stoichiometric molar ratio of (Bi,
Pb):(Fe, Ni) = 1:1. Acetic acid was added into each solution under constant stirring
and temperature for 30 minutes. Then, it was followed by addition of ethylene
glycol under the same condition. Next, the obtained solutions were mixed together
under the same temperature and stirring rate for 1 h. The resulted solution was
dried at 80°C for 6 days to obtain the undoped and doped BiFeO; xerogels. The
dried gels were ground and collected. Finally, the powders were calcined in air at
650 and 700°C for 1 h to form undoped BiFeO; and doped BiFeOs (Big 9Pbg 1FeO;
and BiFe( gNig;0;), respectively, for further characterizations.

5. Characterizations
A thermogravimetric/differential thermal analysis (TG/DTA) was performed

to determine the thermal behaviors of the dried gel of bismuth ferrite. The
phase formation and crystal structure of all samples were characterized by X-ray
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diffraction (XRD) with Cu-K, radiation and A = 1.54056 A for scanning 20 range

of 20-70°. The lattice parameters and average crystallite sizes were determined by
XRD patterns which were analyzed by the Rietveld method using the Rietica and
MAUD programs [62, 63]. Transmission electron microscopy (TEM) with selected
area electron diffraction (SAED) pattern was conducted to investigate the particles’
morphology and crystal structure confirmation of all ferrite-based samples. The
magnetic properties of the nanoparticles were measured using vibrating sample
magnetometry (VSM, Oxford VSM1.2H) and superconducting quantum interfer-
ence device (SQUID) magnetometer in external magnetic field range of +1 T at
room temperature. The ferroelectric properties of the bismuth ferrites were studied
from the polarization-electric field (P-E) hysteresis loops using a polarization meter
(Radiant Technologies 66A). Frequency dependence of the dielectric constant of all
bismuth ferrites was estimated by two-probe electrical resistance using Automatic
RCL Meter (type PM6303A).

6. Structural and magnetic properties of calcium ferrites from natural
iron sand and limestone

Figure 2 shows the XRD pattern of calcium ferrite compound synthesized
by the chemically dissolved method from natural iron sand and limestone as the
raw materials and then sintered at 800°C for 3 h. Based on the analysis of phase
identification, it can be seen that the resulted powder contains several phases of
calcium ferrites, CaFe,O; CasFe40ys, and CayFeqOq3, with weight percentages of
28.8, 46.6, and 24.6 wt%, respectively. The formation of those phases is possible to
occur due to the atmospheric condition during calcination. Generally, at relatively
high calcination temperatures, the most stable phases are those that have higher
coordination numbers, in this case with surrounding oxygen. Hughes et al. [64]
have also identified these distinct calcium ferrite phases in the mixture of CaO and
Fe,0; calcined in air at high temperatures between 1180 and 1240°C. In addition,
the phase formation of Ca,FeqO3 can be present in the compound at the lower
temperatures [65]. With the increase of temperature, the phase formation becomes
more complex. Related to the phase transformation, it strongly depends on the
crystallization kinetics of the reaction, the ratio concentration between Ca and Fe
ions, and the atmospheric condition [66].
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Figure 2.

XRD pattern of calcium ferrite powders synthesized by the chemically dissolved technique from natural iron
sand and limestone as the F&* and Ca®" ion sources, vespectively, and then continued by calcination process at
800°C for 3 h.
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Focusing on the high intensities of the diffraction peaks, the sample exhibits
XRD lines of both CaFe, 0, and Ca4Fe 40,5 phases as the dominant phases. CaFe O,
has monoclinic structure and CasFe 40,5 has hexagonal structure. Both phases have
similar crystalline structure related to hexagonal ferrite structures [67]. The XRD
pattern in Figure 2 shows that CaFe,O; and Ca,Fe;4,0,5 phases have broad diffrac-
tion peaks. This indicates that the average crystallite sizes are in a nanometer scale.
Based on the Rietveld analysis, CaFe,O; phase in the calcium ferrite compound has
average crystallite size of about 46 nm. In order to clarify the nano-sized particles,
TEM image is important to be investigated in detail.

Figure 3 displays TEM image of the calcium ferrite sample together with the
selected area electron diffraction (SAED). The TEM image proves that the particle
size of the sample is in the range of 40-60 nm. This is in a good agreement with the
Rietveld analysis of the XRD pattern in Figure 2. The analysis of electron diffrac-
tion from SAED pattern reveals that CaFe,O; and Ca4Fe;40,5 phases are dominantly
present and Ca,FeyOs3 is the minor phase in the sample. This result is also consistent
with the XRD pattern analysis.

Magnetic properties of the calcium ferrite compound were studied by the
magnetic hysteresis curve (M-H curve) at room temperature as shown in Figure 4.
It is clear that the sample exhibits ferromagnetic behavior. A detailed observation
on the M-H curve of the sample shows that the values of remanent magnetization
and magnetization at 1 T are 2.11 and 10.94 emu/g, respectively. This indicates
that a soft magnetism is realized in the calcium ferrite compound. It has been
found that the dominant phase existing in the sample has a contribution to the
ferromagnetic behavior [68]. The value of magnetism in the sample is comparable
with that of the barium-calcium hexaferrite prepared by sol-gel and microemul-
sion techniques, in which the saturation magnetization value is approximately
24 emu/g [69]. Moreover, Samariya et al. [70] have studied the magnetic properties
of calcium ferrite, in the form of CaFe,O,, nanoparticles. They have found similar
value of magnetization compared with the present result in this work. Concerning
the multiphase compound, the magnetic parameters in the sample are influenced
by the presence of nonmagnetic phase, magnetic domain and its orientation, and
defect formation. Therefore, it is important to investigate more detail on how to
prepare a pure certain phase of calcium ferrite from natural resources as the start-
ing materials. Accordingly, this result demonstrates that the present calcium ferrite
nanoparticles could be used as one of the potential materials for microwave absorp-
tion application.

(221 )CaFe O
(223)CaFe 0
(112 Feely
(311 a0
(OF ) O a0

Figure 3.

TEM image with selected area electron diffraction (SAED) pattern for calcium ferrite powders synthesized
by the chemically dissolved technique from natural ivon sand and limestone as the F&* and Ca®* ion sources,
respectively, and then continued by calcination process at 800°C for 3 h.
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Figure 4.
Magnetization curve at room temperature for calcium fervite powders synthesized by the chemically dissolved

technique from natural ivon sand and limestone as the Fe* and Ca®" ion sources, vespectively, and then
continued by calcination process at 800°C for 3 h.

7. Magnetoelectric properties of bismuth ferrite nanoparticles

TG/DTA curve of the uncalcined powder of the undoped BiFeO;, shown in
Figure 5, exhibits about 29% weight loss from room temperature to 550°C due
to the evaporation of water, organics, and nitrate decomposition [71, 72]. Based
on this thermal behavior, the powder could be thermally treated at temperatures
from 500 up to 700°C for 1 h. Carvalho et al. [73] have reported that the increas-
ing time of the heat treatment increases the formation of secondary phases and,
therefore, they have suggested to avoid a long heat treatment to synthesize BiFeO;
nanoparticles.

Figure 6 shows the XRD patterns of the undoped and doped BiFeO; samples
calcined at 650 and 700°C, respectively, for an hour in air atmosphere. This heat
treatment was conducted to form BiFeOs; phase. The influence of the atmosphere
in the phase formation has been investigated by Xu et al. [72]. They have reported
that crystallization in the atmosphere is important to obtain a pure BiFeO; phase
prepared by sol-gel method. It can be seen from the phase identification of the XRD
patterns that multiphases of bismuth ferrite compounds such as BiFeO;, Bi,sFeOyo,
and Bi,Fe,Oq were observed in the synthesized powders. Moreover, Bi,O; was still
observed in the XRD patterns in minor composition. BiFeOs is a metastable phase
which easily decomposes to secondary phases, BisFeOy4o and Bi,Fe, Oy, at high
temperatures [73]. In this present work, it is found that higher BiFeO; phase is
achieved with heat treatment at 650°C for 1 h. This result is consistent with the TG/
DTA and XRD data analyzed by Sakar et al. [74] which corresponds to sharp dif-
fraction peaks of the BiFeO; phase. The formation of secondary phases increases at
higher temperature than 650°C. BiFeO; began to decompose because of its unstable
thermodynamic character when the calcination temperature was further increased.
The relative weight percent and average crystallite size of the BiFeO; phase were
determined from the diffraction patterns by Rietveld method using Rietica and
MAUD program, respectively. Overall, the analysis results show that the bismuth
ferrite powders contain about 75 wt% of BiFeO; phase. The average crystallite size
of the BiFeO; sample prepared at 650°C is about 84 nm.

The addition of doping substituting the A and B sites in the ABO; perovskite
structure of BiFeO; greatly affects the crystal distortion and changes in the
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Figure 6.
XRD patterns of the undoped BiFeO; and doped BiFeO; (Bi,yPb, FeO; and BiFe,oNi, ,0;) powders
synthesized by sol-gel method calcined at 650 and 700°C, respectively, for 1 h in air.

composition of the secondary bismuth ferrite phases. Pb ion substitutes A site,
namely, the Bi** ion, in the structure of BiFeOs. As a result, Pb doping has an effect
on the diffraction peak shift of the BiFeO; phase to the lower diffraction angle.
This is because the ionic radius of Pb** ion (0.119 nm) is greater than that of Bi**
ion (0.103 nm). Moreover, it can also be seen that there is a combination of the
diffraction peaks for the crystal plane (006) and (202) into the diffraction peak
(111) at 26 of 31-32°. This indicates a small change in the distortion of the crystal
from distorted rhombohedral to pseudocubic system. XRD analysis confirms
that Big oPbg ;FeO; has cubic structure with space group of Pm-3 m, compared
with the undoped BiFeO; having rhombohedral structure with space group of
R3c. It is important to mention that the secondary phase in the Pb-doped BiFeO;
(Big oPbg 1FeO;) sample, which is PbFe;;019, has been reported to be one of the
hexaferrite materials exhibiting good superparamagnetic behavior [75]. Further
Rietveld analysis from the XRD patterns gives the values of lattice parameters of
BiFeO3, Bi0_9Pb0_1FeO3, and BiFeo.gNi0_103 as shown in Table 1.
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On the XRD pattern of the Ni-doped BiFeO; (BiFe 9Nij103) sample, shown in
Figure 6, it is clear that there is no change of the crystal structure due to Ni doping
at the B site (Fe’* ion) of BiFeOs crystal. This is displayed by the rhombohedral
peak which can still be observed at 26 of 31-32°. The result of the phase composi-
tion analysis gives that there is an increase of secondary phases (Bi,sFeO4) and
the presence of NiFe,0, in the sample. Interestingly, both secondary phases have
also unique magnetoelectric properties. It has been reported by Zhu et al. [76] that
Bi;sFeOyo has good dielectric and electrical properties which can be used as one
of integrated circuit components. NiFe,O, is one of magnetic spinel structures
with good magnetic and dielectric properties [77]. In addition, Ni doping in the
BiFeO; system has an effect on diffraction peak shift to the lower diffraction angle
because ionic radius of Ni** ion (0.069 nm) is slightly larger than that of Fe’* ion
(0.065 nm). The change of lattice parameter due to Pb and Ni doping in BiFeO;
system is summarized in Table 1.

Figure 7 shows the TEM image and selected area electron diffraction (SAED)
patterns of BiFeO; powders annealed at 650°C for 1 h in air. Sharp diffraction spots
seen from SAED pattern confirm the formation of well crystalline bismuth ferrites.
Phases identified from SAED pattern are relatively matching with the XRD patterns
in Figure 6 consisting of BiFeO;, BiysFeO4o, Bi,Fe,Oq, and Bi,Os;. The TEM image
shows typical morphology of particle agglomeration. The particle size is greater
than the average crystallite size estimated by Rietveld analysis due to agglomeration
of the nanoparticles.

The nonlinear magnetic hysteresis curve of the bismuth ferrite powders, as
shown in Figure 8, illustrates weak ferromagnetism. The remanent magnetization
of 0.044 emu/g and coercive field of 68.5 Oe in the undoped BiFeOj; confirm the
weak ferromagnetism behavior at room temperature. The complete saturation of
magnetization of powders was not achieved up to applied magnetic field of 1 T. The
hysteresis loop of bulk BiFeO; is generally linear indicating antiferromagnetic order
at the ground state (5 K) [78]. The weak ferromagnetic order of these powders
can be understood as a result of residual magnetic moment caused by its canted
spin structure [79]. The canting of the spins can be caused by reduction of particle
size. When the particle size decreases, the number of surface asymmetry atoms
increases, then it changes the angle of the helical ordered spin arrangement, and
finally the net magnetic moment appears [80]. Moreover, the existence of defects,
for instance, oxygen vacancies [81], and the secondary phases [82] may contribute
to the weak ferromagnetic behavior.

Based on the magnetic hysteresis loops of the doped BiFeO; nanoparticles, the
Pb doping in the BiFeO; structure seems to have a small effect on the magnetic
properties. Substitution of Pb** ions at the Bi** sites induces oxygen vacancies which
may lead to the enhancement of magnetic moments in the sample [83]. However,

Sample Structure Lattice parameters (A)
BiFeO; Rhombohedral a=b=5578(1)
c=13.862 (3)
BiggPbg1FeOs Cubic a=b=c=3958(1)
BiFe( 9Nig ;03 Rhombohedral a=b=5574 (1)
c=13.840 (4)
Table 1.

Rietveld analysis results for the XRD patterns of the undoped BiFeO; and doped BiFeO; (Bi,oPb, ,FeO; and
BiFe,oNi, ,0;) powders.

42



Ferrite-Based Nanoparticles Synthesized from Natural Iron Sand as the F&* Ion Source
DOI: http://dx.doi.org/10.5772/intechopen.88027

(133)Bi0,0,
(622)BiFely,
(211)Bi;FeO0y

(101} BiFe(y

Figure7.
TEM image with selected area electron diffraction (SAED) pattern for barium ferrite powders synthesized by
sol-gel method and then calcined at 650°C for 1 h in air.
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Figure 8.
Magnetic hysteresis curves of the undoped BiFeO, and doped BiFeO; (Bio4Pb, FeO, and BiFe,,Ni, ,0;)
powders synthesized by the sol-gel method.

Verma and Kotnala [84] have confirmed through the SQUID measurements that
BiFeO; with Pb doping exhibits a strong antiferromagnetism suggesting that the
reduction of oxygen vacancies is realized in the system. Moreover, Ederer and
Spaldin [85] have proposed that the magnetization value can be affected by the
presence of oxygen vacancies but with a small change due to the formation of Fe** at
the BiFeO; sites adjacent to the vacancy. Therefore, there is almost no increase in the
magnetic parameters after Pb doping. Moreover, the weak ferromagnetism is com-
monly observed in the Bi;_xA,FeO; (A = Ca, Sr., Pb, Ba) system providing a canting
of the antiferromagnetic sublattice [86], which is in line with this present work. On
the other hand, Ni-doped BiFeO; nanoparticles show a significant increase on the
magnetic parameters, namely, remanent and saturation magnetization. This result
is consistent with the previous paper by Hwang et al. [87], in which the Ni-doped
BiFeO; sample exhibits similar rhombohedral perovskite structure compared to that
of the undoped one and the magnetic properties show enhancement with respect to
the undoped one. The increase in magnetic properties can occur due to the effect of
nanoparticle surface area and ferromagnetic interaction exchange between neigh-
boring Fe** and Ni** ions in the BiFeO; system [88].
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The room temperature P-E loop of the prepared undoped bismuth ferrite,
presented in Figure 9, exhibits unsaturated hysteresis loop. The curve was not
fully saturated because of the low applied electric field. The remanent polariza-
tion (R) and the coercive field (E.) of the undoped BiFeO; nanoparticles are
about 20.5 pC/cm” and 5.5 V/cm, respectively. These values are lower than the
values reported in the single crystal which has a large polarization of ~100 pC/
cm? along (111) for bulk bismuth ferrite [89]. The existence of secondary phases,
such as BiysFeQ,o, Bi,Fe,0q, and Bi,O3, affects the lower values of Ry and E. in the
sample. Pradhan et al. [78] have reported that leakage current is one of the major
reasons for obtaining lower values of saturation polarization (P), R, and E. in
BiFeO; system.

In the Pb-doped BiFeO; nanoparticles, the Pb substitution improves the
dielectric and ferroelectric properties [90]. It can be seen from Table 2 that the
electric properties, including dielectric constant, electrical conductivity, and
electrical permittivity, increase with Pb doping in the BiFeOj; crystal. It has been
found that Pb substitution on the Bi site in the BiFeO; may destroy ferroelectric-
ity ordering induced by Bi lone pair in the rhombic structure until it reaches a
stable pseudocubic structure of BiFeO; [91]. In this work, addition of Pb doping
in BiFeO; withx = 0.1 has already resulted in a pseudocubic structure, and, hence,
the enhancement of the electrical properties is realized in the present sample.
The value of dielectric constant with Pb doping, x = 0.1, at 1 kHz is in a good
agreement with the work done by Zhang et al. [92]. The defect of oxygen vacancy
due to Pb doping can increase the polarity of the sample and finally increase its
dielectric constant. In addition, oxygen vacancy created as the consequence of Pb
substitution on Bi site in the BiFeO; system plays an important role related to the
ferroelectricity for Pb-doped BiFeO; sample. Moreover, the presence of Pb doping
causes the existence of Fe’* ion at Fe’* sites which can produce holes around the
Fe** site [93]. This effect is shown by the increasing value of electrical conductiv-
ity. It has been suggested that the relatively low number of oxygen vacancies in
this sample may result in an improvement of the ferroelectric properties [94], as
shown in Table 2.

As mentioned earlier, the Ni doping in BiFeO; nanoparticles enhances the mag-
netic properties as reported in the former paper [88]. However, the dielectric and
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Figure 9.

Room temperature polarization-electric field (P-E) hysteresis loop of the undoped BiFeQ; pellet sinteved at
750°C.
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Sample Dielectric constant Conductivity Permittivity
(&) [x10™* (Q@m)™] (x107° F/m)

f=1kHz, T=300K T=300K
T=300K

BiFeO; 194 0.012 17

BiooPbo1FeO; 130.8 0.162 11.6

BiFe( 9Nig 103 175 0.010 1.6

Table 2.

Dielectric constant, electrical conductivity, and permittivity of the undoped BiFeO; and doped BiFeO,
(BioyPb, FeO; and BiFe,,Ni, ,0;) powders measured at room temperature.

other electrical properties of the Ni-doped BiFeOj; have lower values than those of
the undoped one, as displayed in Table 2. This means that the sample has inappro-
priate Ni doping concentration to improve the ferroelectricity. Moreover, the reduc-
tion in the dielectric constant is attributed to the decrease in the total polarization
occurring in the sample. It is well known that the total polarization of a dielectric
material is a combination of electronic, ionic, dipolar, and interfacial/space charge
polarizations. The lower value of dielectric constant is probably caused by the effect
of Ni doping on the ionic transformation from Fe*" to be Fe’* again. As the con-
sequence of the charge stability, it may consume holes. Hence, the holes as charge
carrier decrease. This is one reason of the decrease of sample’s conductivity [95].
Another possible reason on decreasing value of electrical properties in Ni-doped
BiFeO; sample is the impurity effect. It should be noticed that the impurity phases
such as Bi,Fe,Oq and Bi,;sFeO,o may also contribute to the electrical properties in
BiFeO; [48]. The existence of multiphase in the sample leads to the increase of
insulating grain boundaries affecting the electrical conductivity as well as the total
polarization in the sample. The increase in the amount of grain boundaries, acting
as the barrier for charge carrier mobility, results in the decrease of conductivity in
the system.

8. Conclusions

Exploration related to the use of natural materials for functional materials has
been applied in this study. Natural iron sand with the dominant magnetite (Fe;0,)
content has been successfully synthesized through the chemical coprecipitation
method as a starting material for producing hematite (a-Fe,0;). a-Fe,O; has been
successfully used as the source of Fe’* ions to synthesize calcium ferrite and bis-
muth ferrite nanoparticles. The calcium ferrite powders synthesized by the chemi-
cal dissolved technique produce nano-sized crystals with the dominant phases of
CaFe40; and CayFey4O,s. The calcium ferrite powder has soft magnetic properties at
room temperature which is attributed to the presence of dominant ferromagnetic
phase and also oxygen vacancy in the nanoparticles. Magnetic parameters, such
as saturation magnetic, are comparable to the barium-calcium hexaferrites, so
that these nanoparticles have the potential application as microwave-absorbing
materials. The bismuth ferrite powder, synthesized by the sol-gel method, exhibits
multiferroic properties. The undoped BiFeO; possesses a weak ferromagnetism at
room temperature. The magnetic parameters can be enhanced by Ni doping in the
form of BiFe( 9Nij 103 nanoparticles. On the other hand, the electrical properties,
i.e., dielectric constant, permittivity, and electrical conductivity, can be improved
by Pb doping in the nanoparticles of Biy oPbg 1FeOs. The multiferroic behaviors
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are strongly determined by the nano-sized effects, the presence of oxygen vacan-
cies and impurities, and also the doping type affecting the phase stability in the
perovskite structure of BiFeO; crystals. Considering the importance of applying
these ferrite-based nanoparticles, investigations for obtaining pure phases of the
nanoparticles from natural resources are very important and need further study.
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Chapter 4

Surface Plasmons in Oxide
Semiconductor Nanoparticles:
Effect of Size and Carrier Density

Hirvoaki Matsui

Abstract

Oxide semiconductors have received much attention for potential use in opto-
electronic applications such as transparent electrodes, transistors, and emitting
devices. Recently, new functionalities of oxide semiconductors have been discov-
ered such as localized surface plasmon resonances (LSPRs), which show high-
efficiency plasmon excitations in the infrared (IR) range using different structures
such as nanorods, nanoparticles (NPs), and nanodots. In this chapter, we introduce
optical properties of carrier- and size-dependent LSPRs in oxide semiconductor NPs
based on In,05: Sn (ITO). In particular, systematic examinations of carrier- and
size-dependent LSPRs reveal the damping mechanisms on LSPR excitations of ITO
NPs, which play an important role in determining excitation efficiency of LSPRs.
Additionally, the control of carrier and size in the ITO NPs contribute toward
improving solar-thermal shielding in the IR range. The high IR reflectance of
assembled films of ITO NPs is due to three-dimensional plasmon coupling between
the NPs, which is related to electron carriers and particle size of ITO NPs. This
chapter provides new information concerning structural design when fabricating
thermal-shielding materials based on LSPRs in oxide semiconductor NPs.

Keywords: oxide semiconductor, nanocrystal, plasmon, infrared, energy-saving

1. Introduction

Metals (such as Au and Ag) have been utilized for the majority of plasmonic
materials in the visible range. Recently, oxide semiconductors have attracted much
attention for use as potential new plasmonic materials. In particular, ZnO: Ga and
In,05: Sn (ITO) are known for use as transparent electrodes due to their metallic
conductivity. These oxide semiconductors show surface plasmon resonances (SPRs)
in the infrared (IR) range [1, 2]. Propagated SPRs can be excited on metal surfaces
using a prism-coupling technique such as a Kretschmann-type attenuated total
reflection (ATR) system [3]. Our research group has investigated the optical prop-
erties of SPRs excited on ZnO: Ga and ITO film surfaces from the viewpoint of
physical characteristics such as field strength and penetration depth [4-6]. On the
other hand, subwavelength materials such as nanorods, nanoparticles (NPs), and
nanodots are capable of supporting localized surface plasmon resonances (LSPRs),
which can be directly excited by incident light in the absence of a prism-coupling
method [7, 8]. Above all, LSPRs confined to NPs can lead to light at the nanoscale
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when confining the collective oscillations of free electrons into NPs. This LSPR
effect further provides strong electric fields (E-fields) on NP surfaces, which con-
tribute to surface-enhanced optical spectroscopy [9]. For example, assembled films
consisting of ITO NPs have demonstrated optical enhancements of near-IR lumi-
nescence and absorption in the IR range [10, 11]. Therefore, optical studies
concerning oxide semiconductor NPs can break new research ground in the area of
plasmonics and metamaterials.

An understanding of plasmon damping is very important in order to achieve
high-efficiency LSPRs. A number of plasmonic studies of metal NPs have been
devoted to investigating the damping processes of LSPRs. For metal NPs, there are
two main damping processes, comprising (i) size-dependent surface scattering and
(ii) electronic structure-related inter- and intraband damping [12-15]. The damping
processes are closely related to the physical properties of the metals. Therefore,
understanding of the damping processes of LSPRs in oxide semiconductor NPs is
also important for the control of optical properties. Oxide semiconductor NPs are
useful plasmonic materials since their LSPR wavelengths can be widely tuned by
electron density in addition to particle size [16-18]. Carrier control of LSPRs indi-
cates that oxide semiconductors have an additional means of tuning the optical
properties in a manner that is not as readily available for metal NPs. In particular,
carrier-dependent damping is a specific feature of the plasmonic response in oxide
semiconductor NPs. Precise elucidation of the carrier-dependent damping process
including structural size is required for the optical design of plasmonic materials
based on oxide semiconductor NPs.

The purpose of this chapter is to report on the light interactions of size- and
carrier-controlled ITO NPs and to discuss their plasmonic applications in the IR
range. We introduce size- and carrier-dependent plasmonic responses and provide
information for the physical interpretation of optical spectra. A rigorous approach
to the analysis of the optical properties allows us to show a quantitative assessment
of the electronic properties in ITO NPs. The employments of Mie theoretical calcu-
lations, which can describe well the optical properties of metal NPs, are validated in
terms of ITO NPs. Finally, we discuss the optical properties assembled films of ITO
NPs for solar-thermal shielding.

2. Carriers and plasmon excitations
2.1 Synthesis of ITO NPs

ITO NPs with different Sn contents were fabricated using the chemical
thermolysis method with various initial ratios of precursor complexes
(C10H2,05)3In and (C10H2,0,)4Sn [19]. Indium and tin complexes were thermal
heated at 300-350°C for 4 h in a reducing agent, and the mixture was then
gradually cooled to room temperature. The resultant mixture produced a pale
blue suspension and to which was then added excess ethanol to induce precipita-
tion. Centrifugation and repeated washing were conducted four times using
ethanol, which produced dried powders of ITO NPs with a pale blue color.
Finally, the powder samples were dispersed in a nonpolar solvent of toluene.
Electrophoresis analysis revealed a positive zeta potential of +31 meV for the
NPs, which indicated the NPs had non-aggregated states in the solvent due to
electrostatic repulsion between NPs. Particle surfaces of the NPs were terminated
by organic ligands consisting of fatty acids, which contributed in spatial separation
between NPs.
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2.2 Carrier-dependent plasmon absorptions

Optical absorptions and TEM images of ITO NPs with different electron densi-
ties (n.) were examined (Figure 1). TEM images revealed that all NP sizes (D) were
ca. 36 nm (Figure 2(a-c)). This indicates that the systematic change in the absorp-
tion spectra is related to the Sn content. Absorption measurements were performed
using a Fourier-transform infrared (FT-IR) spectrometer. A value of 7. was esti-
mated from the absorption spectra by theoretical calculations. The following equa-
tion was used to derive absorption intensity (A) from the experimental data [20]:

_ 3. ) Em(@) — €

where k = 27(eq) Y?w/c with ¢ representing the speed of light, &4 indicates the
host dielectric constants of toluene, £, () is the particle dielectric function, and R is
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Figure 1.
Absorption spectra of ITO NPs with different electron densities. Doping with Sn contents of 0.02, 1, and 5%

into the NPs” induced electron density of 6.3 x 10™° cm ™3, 5.7 x 10°° em ™3, and 1.1 x 10" cm 3, respectively.
Dot lines indicate theoretical calculations based on the modified Mie theory [19].
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Figure 2.
TEM images of ITO NPs with electron densities of (a) 6.3 x 10*° em ™3, (b) 5.7 x 10°° cm ™3, and
(c) 1.1 x 10°* em ™3 [19].

57



Nanocrystalline Materials

the particle radius. Furthermore, &,(®) employed the free-electron Drude term
with frequency-dependent damping constant, /'(w), on the basis that ITO com-
prised free-electron carriers [20]:

>

—1_ P
em(@) =1 (@ + i) (2)

The plasma frequency (@) is given by a); = ne/excom*, where &, is the high-
frequency dielectric constant, &¢ is the vacuum permittivity, and m* is the effective
electron mass. Fitted absorptions were used with parameter values of ¢4 = 2.03
(n = 1.426 refractive index of the solvent), ¢, = 3.8, and m* = 0.3 m, to estimate
£p(w).The term I'(w) based on electron-impurity scattering can be described by the
following relation [21]:

-3/2
rw) =fr + 1~ f)ra (7 ®
where f(®) can be described by f(w) = [1 + exp{(a)—FX)/a}]*l. I'yand Iy,
represent the high-frequency (w = o) and low-frequency (w = 0) damping, respec-
tively. I'x and o represent the change-over frequency and width of the function,
respectively.

Calculated absorption spectra were very close to the experimental data. ITO NPs
doped with Sn content of 0.02, 1, or 5% provided electron density of 6.3 x 10",
5.7 x 10%°, and 1.1 x 20** cm 3, respectively (Figure 1). We summarized the LSPR
resonant peak and absorption intensity as a function of z. (Figure 3(a)). The LSPR
resonant peak gradually showed a redshift from the near-IR to mid-IR range with
decreasing #n.. Additionally, the absorption intensity decreased markedly with
decreasing #.. No plasmon excitation was observed in the low 7, region below
10" em 3. The Mott critical density (V) of ITO is estimated as N, = 6 X 108 cm 3
(Figure 3(b)). Below the Mott critical density, the impurity band is not overlapped
with the Fermi energy (Ef) level. ITO results in a band insulator.

However, the Er level combined with the impurity band in the middle %, region
from 10" to 10*° cm . At the high . region above 10?° cm 3, the Eg level is placed
in a highest occupied state in the conduction band (CB). As a consequence, ITO
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Figure 3.
(a) LSPR resonant peak and absorption intensity of ITO NPs as a function of electron density. (b) a schematic
picture of electronic structures of ITO with different ranges of electron density.
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shows metallic behavior. These results indicated that a large amount of free elec-
trons were required to excite highly efficient plasmon excitations. ITO NPs were
suitable for plasmonic materials in the near-IR range.

2.3 Damping mechanism

The two types of damping processes that exist in plasmon excitations of metal
NPs are (i) bulk damping and (ii) surface damping. Bulk damping (yg) is related to
electron-electron (y..), electron-phonon (y...), and electron-impurity scattering
(Ve-impurity) - These scattering components determine a mean free path (I,) of a free
electron. On the other hand, surface scattering is effective when a NP size is smaller
than [,,,, which becomes the main damping process in NPs.

Surface scattering (ys) can be described by ys = Avg/lsc for a small nanoparticle,
where A is a material constant and vg is the Fermi velocity [vg = him” (3rne) Y. The
surface scattering length (Isc) is defined by Isc = 4 V/S, where V is the volume and S
is the surface area of the particle [20]. For our ITO NPs, /sc was calculated as 24 nm,
which was longer than the [;;, of ITO (~10 nm) [22, 23]. For ITO NPs, no surface
scattering was effective because the I, of ITO was smaller than /sc. Therefore, it is
considered that ITO NPs are mainly related to bulk damping.

Metallic conductivity of ITO NPs is obtained by doping with impurity atoms,
suggesting that ITO NPs involve electron-impurity scattering in bulk damping. The
spectral features of ITO NPs could be fitted using Mie theory with frequency-
dependent damping parameter I'(w). Figure 4(a) shows absorption spectra of ITO
NPs with lowest (5.5 x 10 cm3) and highest (1.1 x 10! cm3) n, values. For
NPs with the lowest 7., a symmetric absorption spectrum was obtained, while an
asymmetric spectrum was obtained for NPs with the highest #.. These spectral
features were determined by I'y and I',.. Figure 4(b) shows the dependence of I'y
and I';, on electron density. A difference in I'y and I';, values was found in the high
n. region above 10°° cm . Electron-impurity scattering is reflected by I', provid-
ing asymmetric LSPR features by broadening in the low photon energy regions. In
contrast, the I'y, values (~70 meV) were the same as those of I'yy in the low 7, region
below 10*° cm ™2, indicating that LSPRs were independent of electron-impurity
scattering.

The carrier-dependent plasmon response is divided into two %, regions. Region-I
comprises low 7. below 10%° cm 3, in which coherence of electron oscillation in ITO
NPs is not always disturbed by electron-impurity scattering. The spectral features of
LSPRs comprise narrow line-widths and symmetric line-shapes. However, absorption
intensity is small (Figure 3(a)) since a short mean free path length (/,;, = 3-4 nm)
determines the coherence of electron oscillations in the NPs. This situation is due to
insufficient conduction paths. Region-II comprises high 7, above 10*° cm 3, in
which LSPR excitations become more effective with increasing /,,,, as a result of
increased #.. The [, value of NPs with the highest #, was estimated as 10.7 nm.
However, LSPR excitations are influenced by electron-impurity scattering, which
generated the asymmetric line-shapes.

Degenerated metals on doped oxide semiconductors are generally realized by
extrinsic and/or intrinsic dopants. However, the carrier screening effect from
background cations is weak in contrast to metals with a short screening length
(comprising several angstroms) [24]. Electron-impurity scattering dominates the
optical properties of LSPRs in the high #, region. In this work, the maximum Ilm in
ITO NPs was 10.7 nm. Previous reports have detailed long /,,, values from 14 to
16 nm on ITO films [22, 23]. Control of crystallinity and impurities in ITO NPs will
be required to obtain high-efficiency LSPR excitations in the IR range.
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(a) Absorption spectra of ITO NPs with n, values of 5.5 x 10" and 1.1 x 10** em™>. (b) Dependence of I'yy
(o) and I'y, (o) on electron density. (c) Mobility (u,) as a function of electron density. The u, (black dots) are
compared with those obtained using ionized impurity scattering (IIS) process (black line).

3. Particle size and plasmon excitations

Figure 5(a) shows the size distribution of ITO NPs, revealing that size distribu-
tion gradually increased with increasing particle size (D): D = 10 £ 2.2 nm,
20 + 3.5 nm, and 36 + 4.3 nm. Figure 6 shows TEM results of the dependency of
NPs on particle size. In particular, NPs with D = 36 nm showed well-developed facet
surfaces, and NPs were clearly separated from one another due to the presence of
organic ligands formed on the NP surfaces. All NP samples showed broad peak
characteristic of colloid NPs with a crystalline nature (Figure 5(b)). Patterns were
similar to those of standard cubic bixbyite, which had no discernible SnO or SnO,
peak. Besides, the line-width of the (222) peak, A(26), was narrower for the NPs
with D = 36 nm than D = 10 nm. These results reflected differences in crystallinity,
size, defects, and strain in the NPs.

The absorption spectra of the NPs with different particle sizes are shown in
Figure 7(a). Based on the Mie theory with frequency-dependent damping, the
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(a) Size distributions of ITO NPs with particle sizes (D) of 10, 20, and 36 nm. Inset images show TEM images
of ITO NPs with different particle sizes. (b) XRD 2q-q pattern of ITO NPs with D = 10, 20, and 36 nm. A(26)
indicates a line-width of the (222) peak [25].

Figure 6.
TEM images of ITO NPs with D = 10 nm (a), 20 nm (b), and 36 nm (c) [25].

values of . were approximately 10*! cm >, and p, ranged from 21 to 37 cm*/V.s.
The broadening of the absorption spectra was related to the quality factor
(Q-factor) of the plasmonic resonance defined by the ratio of peak energy to
spectral linewidth of the LSPR peak. This factor provided a good indication of weak
electronic damping and efficient E-field generation. Q-factor values of LSPRs with
D =10, 20, and 36 nm NPs were 2.4, 3.3, and 4.5 respectively. The increase in
particle size is expected for strong E-field enhancement on the NP surfaces. It was
indicated that the Q-factor values in the LSPR peaks were attributed to the elec-
tronic and crystalline properties. On the other hand, the LSPR peak positions were
independent of particle size.

The peak positions of LPRs generally depend on the particle size in the case of
metal NPs. The size-dependent absorption spectra of spherical NPs can be calcu-
lated precisely using the full Mie equations. These equations can describe well the
size effects of LSPRs in metal NPs as follows.

An analytical solution to Maxwell’s equations describes the extinction and scat-
tering of light by spherical particles. The electromagnetic field produced by a plane
wave incident on a homogeneous conducting sphere can be expressed by the fol-
lowing relations [26]:
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0.0 = B3 QL+ VIReta, +h,) ()

where k is the incoming wave vector and L are integers representing the dipole,
quadrupole, and higher multipoles of the scattering. In the above equations, a;, and
by, are represented by the following parameters, composed of the Riccati-Bessel
functions y; and y; [26]:

p = YLy () —my (mx)y, (x) 5)
v, (mx) x; (x) = my; (mx) g, (x)

_ my (mx)y; (x) =y, (mx)y, (x) ©)
my, (mx)ZZ (x)- WZ (mx)x, (x)

L

Here, m = 7 /n,,, where i = ng + in; is the complex refractive index of the metal
and #,, is the refractive index of the surrounding medium. Additionally, x = k7,
where 7 is the radius of the particle. It should be noted that k,,, = 27/, is defined
as the wavenumber in the medium rather than the vacuum wavenumber. Peak
positions of absorption spectra of ITO NPs were estimated using the full Mie theory
(black line in Figure 7(b)). The dielectric constants were taken from the
ellipsometric data of an ITO film with an electron density of 1.0 x 10*' cm . The
estimated peak positions remained almost unchanged with particle sizes below
120 nm and then slightly redshifted to longer wavelengths with particle sizes above
120 nm. That is, ITO NPs with particle sizes below 40 nm had no high-order
plasmon mode and were mainly dominated by light absorptions. These results
differed largely from those of metal NPs. LSPR properties of ITO NPs could be fully
described using Mie theory in the quasi-static limit.
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(a) Absorption spectra of ITO NPs with different sizes comprising (a) 10 nm, (b) 20 nm, and (c) 36 nm.
(d) LSPR peak energy as a function of particle size. A black line vepresents using Egs. (4)—(6) [25].
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4. Infrared applications for solar-thermal shielding
4.1 High reflections in the IR range

Recently, plasmonic properties on oxide semiconductors have attracted much
attention in the area of solar-thermal shielding. The purpose of our study is to apply
the plasmonic properties of assembled films of ITO NPs. To date, IR optical
responses have been investigated with regard to transmittance and extinction spec-
tra of composites and films using oxide semiconductor NPs. IR shielding properties
by transmittance and absorption properties have mainly been discussed [27-30].
Reports concerning reflective performances in assemblies of NPs have yet to appear
in spite of the desire for thermal shielding to cut IR radiation, not by absorption, but
through reflection properties.

Assemblies of Ag and Au NPs can produce high E-fields through plasmon coupling
between NPs in the visible range and are utilized in surface-enhanced spectroscopy
[31, 32]. The high E-fields localized between NPs are very sensitive to interparticle
gaps [33]. A gap length down to distances less than the size of a NP causes remarkable
enhancements in E-fields. Surfactant- and additive-treated NPs are effective strate-
gies that can be employed to obtain small interparticle gaps between NPs, which can
be developed into one-, two-, and three-dimensional assemblies of NPs [34]. In
particular, optical applications based on NPs have the benefit of large-area fabrica-
tions with lower costs to make NP assemblies attractive for industrial development.

In this section, we report on the plasmonic properties of assembled films com-
prising ITO NPs (ITO NP films) and their solar-thermal applications in the IR range
[35]. Both experimental and theoretical approaches were employed in an effort to
understand the plasmonic properties of the NP films. The IR reflectance of the NP
films was analyzed on the basis of variations in particle size and electron density.
The investigation focused in particular on E-field interactions in order to determine
how the NP films affected high IR reflectance. This behavior is discussed in terms of
the physical concept of plasmonic hybridization, which further clarified the impor-
tance of interparticle gaps for high IR reflectance.
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(a) Reflectance spectra of ITO NP films with different electron densities of 1.1 x 10** cm ™3 (),
8.7 x 10" em™? (o), and < 10" em™3 (A). (b) Reflectance as a function of NP film thickness of ITO NP
films with different electron densities.
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Figure 8(a) shows reflectance spectra of ITO NP films with different electron
densities. The assembled ITO NP films were deposited on IR-transparent CaF, sub-
strates through a spin-coating technique. The spin-coating conditions comprised
sequential centrifugation at (i) 800 rpm for 5's, (ii) 2400 rpm for 30 s, and
(iii) 800 rpm for 10 s. The fabricated NP films were then thermally treated at 150°C
in air to evaporate the solvent. Reflectance was enhanced with increasing electron
density and reached a value of ca. 0.6 in the NP film with . = 1.1 x 10 cm™>.
Additionally, reflectance was dependent on film thickness (Figure 8(b)). Reflec-
tance gradually increased with increasing film thickness and was then saturated in
film thicknesses above 200 nm. As a result, it is necessary to use NPs with high
electron density in order to obtain NP films with high IR reflectance.

Figure 9(a) shows reflectance spectra of ITO NP films with different particle sizes.
Reflectance gradually increased with increasing particle size, which was dependent on
NP film thickness (Figure 9(b)). That is, increasing in particle size contributed to

obtain high IR reflectance. Highly efficient solar-thermal shielding played an important
role in controlling electron density and particle size. We found that the high IR reflec-
tance was closely related to plasmon coupling between the NPs in the NP films as

follows.

4.2 Electric field distributions

Figure 10(a) shows experimental and theoretical absorption spectra of ITO NPs
dispersed in toluene. The theoretical data was simulated using the finite-difference
time-domain (FDTD) method and was close to the experimental data. We observed
the formation of a strong electric field (E-field) on the NP surface (inset of Figure 10(a)).
The relationship between the E-field and photon energy was further investigated, as
shown in Figure 10(b—d). The E-field on the NP surface increased with increasing
photon energy. A high E-field was obtained at an LSPR peak position of 1.8 pm. The
LSPRs of ITO NPs produced the strong E-field on the NP surface.

We evaluated the optical properties of ITO NP films from the viewpoint of elec-
trodynamic simulations based on the finite-difference time-domain (FDTD) method
(Figure 11(a)). The modeled NP layer was assumed to have a hexagonally close-
packed (HCP) structure with an interparticle distance () of 2 nm along the in-plane
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Figure 9.
(a) Reflectance spectra of ITO NP films with different particle sizes of 36 nm (0), 20 nm (0), and 10 nm (5).

(b) Reflectance as a function of NP film thickness of ITO NP films with different particle sizes.
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(a) Absorption spectra of ITO NPs: Experimental (open circles) and simulated data (solid line). Inset indicates
an electric field distribution on the NP suvface obtained by the FDTD simulation. Cross-section field
distributions at 1.2 ym (b), 1.5 um (c), and 1.8 um of the NPs.
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(a) Simulated reflectance spectra of ITO NP layers at different particle sizes (D). A number of NP layer (N)
was set to N = 20 NP layers. (b) and (c) indicate structural diagrams of a simulated NP layers along the in-
plane (x-y) and out-of-plane (x-z) directions, vespectively. The modeled structure was assumed to have a HCP
structure with an interparticle distance (v) of 2 nm and was illuminated with light divected in the z direction
from the air side. The E-field was parallel to the x direction.

(x-y) and out-of-plane (y-z) directions (Figure 11(b and c)). The modeled sample was
illuminated with light directed in the z direction from the air side. The E-field was
parallel to the x direction. The refractive index (real part: 1.437) of capric acid was
used for the medium between the NPs. The dielectric functions of the ITO NPs were
obtained from the parameter fitting for the absorption spectra. Figure 11(a) shows the
reflectance spectra of ITO NP layers with different particle sizes (D) of 10, 20, and
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Figure 12.
SEM images of an ITO NP film along the in-plane (a) and out-of-plane (b) directions.

36 nm. The number of the NP layer was set to the N = 20 NP layer. Reflectance clearly
enhanced with increasing particle size, which appeared as a result of three-
dimensional assemblies of ITO NPs, and it was suggested theoretically that increasing
particle size contributed to the reflective-type thermal shielding in the IR range.
Plasmon coupling between NPs produces large enhancements of E-fields at
interparticle gaps. We typically investigated the E-field distributions at peak-II
(0.60 eV) and peak-I (0.208 eV) for a 20 NP layer with D = 36 nm. Figure 12(a and b)
shows SEM images of ITO NP films (D = 36 nm) along the in-plane and out-of-
plane directions, revealing that the NPs had close-packed structures along both

E-field distributions
Peak-II

nEX]

Figure 13.

Images of the E-field distributions and charge vectors at peak-I and peak-II along the x-z directions. Regions
delimited by white civcles weve positioned in the respective bottom parts. An E-field was applied along the x
direction. Light was incident along the z dirvection from the air side.
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directions. Figure 13 shows the E-field distributions along the x-z directions. For
peak-I, the E-field between the NPs was strongly localized along the x direction
when an electric field of light was applied along this direction. In contrast, peak-II
displays E-fields along the diagonal directions in the x-z plane in addition to those
along the x direction. A difference in the E-field of peak-I and peak-II was clearly
found. The FDTD simulations revealed that the two types of reflectance peaks had
different mechanisms of plasmon excitations. Therefore, it was indicated that dif-
ferent E-field distributions between the NPs played an important role in producing
the IR reflectance in the IR range.

5. Conclusion

Optical properties of carrier- and size-dependent LSPRs were investigated using
dopant-controlled ITO NPs. From systematic correlations between LSPR excitations
and electron density, plasmon damping of ITO NPs was closely related to electron-
impurity scattering, which was effective with high 7. values greater than 10*° cm .
That is, the role of electron carriers in ITO NPs could enhance LSPRs with simulta-
neous damped plasmon excitations. Changes in particle size also affected the LSPRs
in ITO NPs. Increasing particle size altered the magnitude and peak splitting of the
resonant reflectance, which covered a wide IR range. As a result, the carrier and size
control of ITO NPs led to high solar-thermal shielding. The origin of the high IR
reflectance of ITO NP films was clarified by electrodynamic simulations (FDTD).
We found that the E-field distributions between the NPs along the in-plane and out-
of-plane directions played key roles in producing the high IR reflectance. Control of
electron carrier and particle size revealed important aspects that should be consid-
ered in the area of structural design when fabricating thermal-shielding materials.
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Chapter 5

A Facile Method for Formulation
of Atenolol Nanocrystal Drug with
Enhanced Bioavailability

Luis Castanieda

Abstract

Atenolol is a commonly used antihypertensive drug of class III BCS category.
The objective of the present study is to enhance the permeability of atenolol by
using a suitable technique which is economical and devoid of using any organic
solvents. The nanocrystal technology by high pressure homogenization was chosen
for this purpose, which is less expensive and simple method. In this technique, no
organic solvent was used. The study was further aimed to characterize prepared
nanocrystals in solid state by Fourier-transform infrared spectroscopy (FTIR),
powder X-ray diffraction (PXRD) patterns, particle size, zeta potential, % yield,
and drug permeation study through isolated goat’s intestine. An in vivo study was
carried out to determine the pharmacokinetic property in comparison to pure drug
powder using rats as experimental animals. The formulation design was optimized
by a 3(2) factorial design. In these designs, two factors, namely surfactant amount
(X1) and speed of homogenizer (X2), were evaluated on three dependent variables,
namely particle size (Y1), zeta potential (Y2), and production yield (Y3).

Keywords: atenolol, nanocrystal, factorial design, ANOVA, antihypertensive,
pharmacokinetic

1. Introduction

A nanocrystal is a particle having one or more dimensions of the order of
200 nm or less and considered to have novel characteristics which differentiate
them from other materials [1]. When the size of the material is reduced to less than
200 nanometers, the realm of quantum physics takes over and five materials begin
to demonstrate entirely new properties. Hence, nanodesign of drugs by various
different techniques, like melting, homogenization, and controlled precipita-
tion, is explored to produce drug nanocrystals, nanoparticles, nanosuspensions,
etc. [2]. As decrease in size will increase the solubility of drugs, this technology
is explored to increase oral bioavailability of sparingly water soluble drugs [3].
Development of soluble and/or permeable drug molecules using nanocrystal
formulations has been proven to be successful due to their unique size range and
higher surface: volume ratio, which results in enhanced drug dissolution, bioavail-
ability and permeability [4].

Atenolol is a selective 1 receptor antagonist, a drug belonging to the group of
beta blockers, which is used mainly in different cardiovascular diseases [5]. It often
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suffers from poor bioavailability after oral dosing due to stumpy permeability
through GIT [6]. Approximately 50% of an oral dose is absorbed from the gastro-
intestinal tract, the remainder being excreted unchanged in the feces. Researchers
have been endeavored to increase its permeability and bioavailability by different
techniques including osmotic pump, cyclodextrin-based delivery systems, hydro-
philic matrices, transdermal delivery systems, and so on [7-12].

In the present study, we had prepared nanocrystals of atenolol to improve its
permeability and modify its solubility, because this method is less time-consuming,
required no organic solvents or harsh chemicals like other nanodelivery systems, has
a high product yield, has good product stability, and is cheap. High pressure homog-
enization method was employed to prepare nanocrystals [13]. In this method,
high pressure was applied on liquid suspension to force it through a gap or narrow
channel inside a pipe. Here, the medium was aqueous containing a hydrophilic
surfactant SLS to prevent agglomeration of suspended particles and thus it helped
in stabilization. The surfactant used in the study also prevented crystal growth
(Ostwald ripening) that could change the dissolution and bioavailability of the drug
after storage [14].

2. Materials and methods
2.1 Materials

Atenolol was supplied as a gift sample by Haustus Biotech Pvt. Ltd., Himachal
Pradesh, India, and sodium lauryl sulfate, manufactured by Krishna Drug and
chemical Pvt. Ltd., Gujrat, was supplied by Mahalakshmi Chemicals Ltd., Greater
Noida, India. Triple distilled water was used throughout the experiments. All other
chemicals were of reagent grade and used without further purification.

2.2 Preparation of atenolol nanocrystals

Atenolol nanocrystals were prepared by high speed homogenization process
using sodium lauryl sulfate as a surfactant [15-17]. The nanocrystals were prepared
by adding the different compositions of the surfactant sodium lauryl sulfate and
stabilizer (PVP K 30) as mentioned in Table 1. Atenolol (1000 mg) was dissolved in

Formulation Drug: Speed in Particle size Zeta potential Production
code surfactant rpm (nm) (mV) yield
F1 21 20,000 312.7 £2.0 18+ 0.2 82+1.0
F2 41 20,000 296.7 £ 0.6 20+ 04 88+2.0
F3 4:3 20,000 4162 + 0.5 16+ 0.1 84+1.0
F4 2:1 25,000 2104 £1.0 165+0.3 72+05
F5 4:1 25,000 1256+ 0.5 19+0.2 90+0.8
F6 4:3 25,000 552.6 + 0.7 17+ 03 88+1.0
F7 2:1 15,000 652.6 +2.0 18+ 0.7 64 +£1.0
F8 41 15,000 620.0 +2.5 20+ 04 66 +2.0
F9 4:3 15,000 590.0 +1.8 19+ 0.5 64 +£1.0
Table 1.

Formulation composition of atenolol nanocrystal.
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80 ml of distilled water with sodium lauryl sulfate which resulted in a solution of 1 g
concentration. The whole procedure was operated at 25 + 2°C. The solution of drug
and surfactant was placed under a high-speed homogenizer (T 25 digital ULTRA-
TURRAX IKAR Werke Staufen/Germany) at different speeds (15,000-25,000 rpm)
for 70 h. The resulting solution was placed in a tray dryer at 60°C to evaporate the
solvent. Nanocrystals were collected and evaluated as required.

2.3 Formulation of capsule dosage of atenolol nanocrystals

Atenolol nanocrystals were mixed with the same ratio of lactose powder, which
shows no incompatibility with the drug. The mixture of 1:1 ratio of drug (atenolol
nanocrystals) and lactose was prepared. Then, 100 mg of this mixture was filled
into the capsules.

3. Characterization of nanocrystals

The nanocrystals of atenolol prepared by the abovementioned method was
characterized by the following techniques.

3.1 Particle size and zeta potential analysis

Particle size of the prepared nanocrystals was determined using particle size
analyzer (Malvern Instruments Ltd.). The prepared nanocrystals were dispersed in
dimethyl sulfoxide and placed in cuvettes and the particle size in terms of average
diameter (davg) was determined. Zeta potential was calculated by using Zetasizer
ZS 90 (Malvern Instrument Ltd. India) [18].

3.2 Scanning electron microscopy

The morphology of the atenolol nanocrystals was examined by scanning elec-
tron microscopy (JSM 6390 India). The sample was mounted on to an aluminum
stub and sputter coated for 120 s with platinum particles in an argon atmosphere.
The coated samples were then scanned and images were analyzed at 500 or 1000
axis [18].

3.3 Fourier-transform infrared (FTIR) analysis

FTIR analysis of pure atenolol, mixture of atenolol and SLS and obtained
nanocrystals and lactose was performed in the range of 4000-500 cm™" as thin KBr
pellets using FTIR spectrophotometer (Perkin-Elmer BX II). The observed peaks
were reported for functional groups.
3.4 X-ray diffraction study (XRD)

The crystallinities of atenolol and atenolol nanocrystals were evaluated by XRD
measurement using an X-ray diffractometer (Bruker AXS, 08 Advance). All samples
were measured in the 20 angle range between 3 and 80° and 0.010 step sizes.

3.5 Percentage yield of production

For any formulation, it is always desirable to have a better production yield so
that industrial production becomes feasible not only in terms of cost but also in
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terms of environmental protection. The production yield of prepared nanocrystals
was calculated by the following Eq. (1):

Percentage yield = (B/A) x 100 1

where B is the weight percentage of the final product obtained after drying, and A is
the initial total amount of atenolol and sodium lauryl sulfate used for the preparation.

3.6 In vitro release studies of atenolol nanocrystals

The dissolution test was performed in the USP type II apparatus. Nanocrystals
(100 mg) were accurately weighed and put into the pretreated dialysis mem-
brane and sealed with clips. The release medium was phosphate buffer (pH 6.8)
maintained at 37°C with agitation rate set at 50 rpm. The amount of drug was
determined spectrophotometrically at A, = 275 nm against suitable blank using a
preconstructed calibration curve [19].

3.7 Invitro release studies of capsule dosage form of atenolol nanocrystals

The dissolution test was performed on the USP type I apparatus. Capsules con-
taining nanocrystals (100 mg) were accurately placed into the basket of dissolution
test apparatus. The release medium was phosphate buffer (pH 6.8) maintained at
37°C with agitation rate set at 50 rpm. The amount of drug released was determined
spectrophotometrically at A,y = 275 nm.

3.8 In vitro intestinal permeability studies of pure atenolol and atenolol
nanocrystals

The permeability studies of pure atenolol and atenolol nanocrystals were car-
ried out using Franz diffusion cell. To check the intra duodenal permeability, the
duodenal part of the small intestine was isolated from sacrificed goat and taken
for the in vitro diffusion study. Then this tissue was thoroughly washed with cold
Ringer’s solution to remove the mucous and lumen contents. The sample solutions
were injected into the lumen of the duodenum using a syringe, and the two sides of
the intestine were tightly closed. Then the tissue was placed in a chamber of organ
bath with continuous aeration and at a constant temperature of 37°C. The receiver
compartment was filled with 30 mL of phosphate-buffered saline (pH 5.5). The per-
meability was tested for 60 minutes. The absorbance was measured using a UV-Vis
spectrophotometer at a wavelength of 275 nm, keeping the respective blank. The
percent diffusion of the drug was calculated against time and plotted on a graph.

3.9 Stability studies of prepared nanocrystals

The prepared nanocrystals were subjected to stability studies. The nanocrystals
were placed in stability chambers for a month at different temperatures, like 4, 25,
37, and 60°C. After 1 month, the tested nanocrystals were subjected to FTIR to find
the spectra and compare with the standard spectra of nanocrystals.
3.10 In vivo studies

To determine the in vivo pharmacokinetic parameters for optimized nano-

crystal formulation, experimental rats were used. This investigation adhered to
the Principles of Laboratory Animal Care. Female albino rats (0.20-0.25 Kg) were

78



A Facile Method for Formulation of Atenolol Nanocrystal Drug with Enhanced Bioavailability
DOI: http://dx.doi.org/10.5772/intechopen.88191

Drug: surfactant (X1) Speed in rpm (X2)

-1 1

0 1

1 1

-1 0

0 0

1 0

-1 -1

0 -1

1 -1

-1=21 —-1=15,000

0=41 0 =20,000

+1-43 +1 = 25,000
Table 2.

Design of experiment for 3 factorial analysis.

divided in two groups, each containing six. They were fasted overnight and allowed
to administer 0.5 mL aqueous dispersion of pure drug and the most successful
formulation of nanocrystal (equivalent to 10 mg/mL atenolol) using oral feeding
tube. Blood samples of 0.2 mL were withdrawn through the tail vein of rats after 0.5,
1,1.5,2,2.5, 4, 6, and 24 h of sample administration. The withdrawn samples were
centrifuged at 5000 rpm for 20 min. The plasma was separated and stored at —20°C
until drug analysis was carried out using HPLC analytical method of analysis. The
whole process was carried out according to the reported method by Anwar et al. [20].

3.11 Statistical analysis

Independent T-test was used to analyze data of two batches obtained in various
experiments at the 0.05 level of significance by Origin 6.0 software. The difference
was considered significant at p < 0.05.

3.12 Experimental design and statistical analysis

In this study, a 32 full factorial experimental design was introduced to optimize
the formulation of nanoparticles. Initial studies were undertaken to decide on the
factors and their levels in the experimental design. Based on the results obtained in
preliminary experiments, surfactant amount and speed of homogenizer were found
to be the major variables in determining the particle size and production yield. So,
in this design, two factors, namely surfactant amount (X1) and speed of homog-
enizer (X2), were evaluated each at three levels and suitably coded (Table 2). The
effect of these factors were evaluated on three dependent variables, namely particle
size (Y1), zeta potential (Y2), and production yield (Y3). A total of 9 formulations
were prepared with these variables.

For the studied design, the multiple linear regression analysis (MLRA) method
was applied using Statistica 10 (StatSoft Inc., USA) software to fit the full second-
order polynomial equation with added interaction terms. Polynomial regression
results were demonstrated for the studied responses using Eq. (2):

Y = b1+ b2X1 + b3X2 + b4X1X2 + b5X12 + b6X22 (@)

79



Nanocrystalline Materials

where Y is the dependent variable and bl is the arithmetic mean response
of the 9 trials. Coefficient b2 is the estimated coefficient for the factor X1, and
coefficient b3 is the estimated coefficient for the factor X2. The main effects (X1
and X2) represent the average result of changing one factor at a time from its
low to high value. The interaction terms (X1X2) show how the response changes
when two factors interact. The polynomial terms (X12 and X22) are included
to investigate nonlinearity. The values of correlation coefficients were set to be
statistically significant at 95% confidential interval [21]. To analyze the signifi-
cance level of all these data, ANOVA was used at 95% confidence interval at 0.05
significance level.

4. Results and discussion
4.1 Characterization of drug, excipients, and their interactions by FTIR

FTIR spectroscopy was used to further characterize possible interactions
between the drug and the excipients. The FTIR spectra of atenolol and sodium
lauryl sulfate and also of the formulated nanocrystals and lactose were obtained
at wavelength ranging from 4000 to 400 cm ™. The spectra obtained from FTIR
studies confirmed that there was no major shifting, as well as no loss of functional
peaks between the spectra of pure atenolol and atenolol nanocrystals. Comparing
the spectra of pure atenolol and atenolol nanocrystals, no difference was shown
in the position and trend of the absorption bands. All the distinctive groups in the
FTIR spectra of atenolol were found in all the spectra of atenolol nanocrystals, like
the amide group (O—C-NH,) extruding from the benzene ring. Apart from the
amide functional group, the presence of the conjugating C—C bond in the benzene
ring, the methane (CH), methylene (CH,) methyl (CH;), and OH functional group
were distinctly observed in the IR spectra (amide:1650 cm™}; CH:2880-2900 cm ™%
CH,: 2916-2936 cm™; CHs;: 2850 cm™y conjugating C—C: 1640-1610 cm™}
OH:3200-3550 cm ™), thus providing evidence for the absence of any chemical
incompatibility between SLS and atenolol.

4.2 Particle size and zeta potential

The particle size of the atenolol nanocrystal formulations shown in Table 1
showed a narrow size distribution from 125 to 652 nm, where the intensity of
117.8 nm was 93% and that of 652.5 nm was only 7%. The effect of stirring speed
had an enormous effect on particle size. Formulation prepared with 25,000 rpm
had smaller size as compared to particle prepared with 15,000 rpm. Concentration
of SLS also had an effect on the size distribution. Less concentration of SLS
yielded smaller size particles. The formulated nanocrystals were positively charged
(16-19 mV), which is desirable for good ocular interaction. Formulation F7 was not
further considered due to its larger size (more than 650). This may be due to slow
stirring speed.

4.3 Production yield
The date of percentage yield of the prepared nanocrystals (Table 1) showed
that the atenolol-SLS nanocrystals (batch F5), prepared by drug:SLS ratio 4:1, had

comparatively higher yield of production (90%). Stirring speed and concentration
of SLS also had an effect on the production yield.
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4.4 Scanning electron microscopy

The SEM image, as shown in Figure 1, of the atenolol nanocrystals revealed that
the particles were crystalline in shape. The average size of the atenolol nanocrystals
was found to be less than 200 nm, which was further supported by the results of
particle size analysis by Zetasizer.

4.5 X-ray diffraction (PXRD) studies

The powder X-ray diffractogram of pure atenolol powder from 5 to 50° 20
showed numerous distinctive peaks at 26 degree that indicated a high crystalline
content. The samples were scanned for 2 6 values over a range from 5 to 50°C at a
scan rate of 10°/min. The PXRD pattern of pure drug and atenolol nanocrystals
were compared with regard to peak positions and relative intensities and presence
and/or absence of peaks in certain regions. Figure 2 represents the XRD photograph
of different nanocrystal formulation and pure atenolol powder.

4.6 Permeability study

The permeability study showed increased permeability, when the atenolol was
converted into the nanocrystals. The diffusion study showed that the % perme-
ability of nanocrystal formulations was much higher as compared to that of the pure
drug. The formulation F5 showed the maximum % release of 90.88%, whereas the
pure drug showed only 31.22% release Figure 3.

4.7 In vitro dissolution studies

The dissolution rate of pure atenolol was very poor and during a 120-min
period, 51.64% of drug was released. The reason for the poor dissolution of pure
drug could be poor wettability and poor solubility. In vitro release studies revealed
that there was a marked increase in the dissolution rate of atenolol, in the range
of 78.30-98.28%, from all nanocrystal formulation compared to pure atenolol.

The results revealed that the nanocrystals with a ratio of drug to carrier, 4:1, were
having a higher dissolution rate in comparison to all other ratios. This could be
attributed to the hydrophilic character of the surfactant and to the amorphous state
of the drug. Hence, the present study showed that nanocrystal formulation can

Figure 1.
SEM images of atenolol nanocrystals.
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Figure 2.
XRD of atenolol nanocrystals F5 (A), atenolol pure drug (B), atenolol nanocrystals F4 (C), and nanocrystals
F1 (D).

be successfully used to enhance dissolution rate of poorly soluble drugs. Figure 4
shows drug release profile of pure drug nanocrystal formulation [F5] and capsu-
lated nanocrystals.

4.8 Stability studies

The physical appearance of the prepared nanocrystals after keeping them 1 month
in stability chambers under various conditions was found to be white to off-white
in color, odorless, and crystalline powder. FTIR spectroscopy was used to further
characterize possible interactions between the drug and the excipients during the
stability studies. There was no major change shown in the FTIR peaks. The prepared
nanocrystal formulation was stable during the stability studies done for 1 month.

4.9 In vitro study

The results of in vivo study revealed an improvement in bioavailability of nanocrystal
formulation; it was observed that after oral dosing of the drug and the equation 3, their

82



A Facile Method for Formulation of Atenolol Nanocrystal Drug with Enhanced Bioavailability
DOI: http://dx.doi.org/10.5772/intechopen.88191

100
20

3 8

— |

—l':

Fa
=—F4
—F

z —

% Drug Permeation

8 8 &8 &8 8

——Pure drug

=
[=]

L=

(=]

20 40 60 80 100 120 140
Time (min)

Figure 3.
Permeability from Franz diffusion cell of atenolol pure drug and atenolol nanocrystal formulations.

ll

Pure Drug Manocrystal Capsulated
Farmulation (F5) Manocrystal of F5

Cumulative % Drug Release
cepnygess8sy 888

Figure 4.
In vivo dissolution cumulative of % release of atenolol pure drug, atenolol nanocrystals F5, and capsule dosage
of nanocrystals in phosphate buffer (pH 6.8).

individual kinetic curve exhibited double peaks. Thus, double peaks can be due to the
existence of two absorption sites in the gut interrupted by a region of poor absorption
[21]. A rapid attainment of peak plasma concentrations was observed that may be due to
the burst release effect brought by the use of SLS for stabilization of nanocrystals. Same
phenomenon was reported by Vergote et al. [22]. The AUC0-24 h, MRT, and Cpmax for
test formulation were significantly higher at p;0.05 compared to the drug (Table 3).

4.10 Factorial analysis

Applied 3° factorial design yields coefficient for one factor and for two factors
as well. Coefficient for more than one factor represents interaction of both factors.
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Formulation Cpmax (pg/mL) Tmax (hour) AUCO0-24 (mAU) MRT (hour)
Pure drug 612.15 + 10.6 52+14 26927.8 + 4.2 46.56 + 3.1
Nanocrystal 95751+ 204 28+0.5 753293+ 6.3 84.64 + 4.6
formulation

Table 3.

Pharmacokinetic data of nanocrystal formulation and puve drug.

Coefficient may be positive or negative for synergistic or antagonistic effect,
respectively. The coefficients can be directly compared to assess the impact of
factors on responses. Obtained polynomial Egs. (3)-(5) for dependent variables are
as follows:

Particles Size = 4280.7153 - 6169.2601 x x - 0.2812 x y + 4894.7164
xXx X+ 01959 x X x y + 4.6667E° xy x y (3)

Zeta potential = 31.4304 - 43.3651 x x - 0.0004 x y + 67.3401
xXxX—O.OOO4xXxy+1E_8xyxy 4)

Production Yield = -71.7445 - 370.4401 x x + 0.0192 x y + 606.0606
x X x X - 0.0009 x X xy - 4.2667E xy x y (5)

Speed of homogenizer has a greater effect on the particle size (—0.2812), zeta
potential (—0.0004), and production yield (0.0192), whereas amount of surfactant
has a lesser effect on the production yield (-370.4401), zeta potential (—43.3651),
and particle size (—669.2601).

It was clearly depicted from the magnitude of the coefficients that the amount
of surfactant has a positive effect on all the three variables including particle size,
zeta potential, and production yield; whereas, the magnitude of the coefficients for
speed of homogenizer has an antagonistic effect on all the three variables.

Contour plots and surface plots as shown in Figures 5 and 6 were plot-
ted, which are very useful to study the interaction effects of the factors on the
responses. The response surface depicts the effect of factor contributions at
different levels on studied response. Three contour parameters were established
for particle size. Drug entrapment and drug release percentage. The contour plots
showed very clearly the relationship between the independent variables and the
responses.

P value for the effect of drug surfactant ratio is statistically insignificant for
particle size and production yield p has value greater that 0.05, but it is significant
only for zeta potential (p = 0.009851) and particle size (p = 0.035269). Speed of
homogenizer has an insignificant effect on zeta potential.

The goodness of fit of the R model was checked by the determination
coefficient (R?). The values of the determination coefficients for particle size
(R? = 0.78297), zeta potential (R* = 0.80392), and production yield (R = 0.8988)
indicated that over 95% of the total variations are explained by the model. The
values of adjusted determination coefficients (adj R” = 0.56594 for particle size,
0.60784 for zeta potential, and 0.79761 for production yield) are also very high
(over 90% of the total variations), which indicates a high significance of the model.

A good way to check the model is to enter factor levels from the experimental
design (observed response) and generate the predicted response. When we compare
the predicted value with actual value, a discrepancy occurs which is called residual.
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3D contour plots for the different variables (in order of particle size, production yield, and zeta potential).
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Plots of vesiduals for the three different variables (in order of particle size, production yield, and zeta potential).

85



Nanocrystalline Materials

For statistical purposes, it is assumed that the residuals are normally distributed
and independent with constant variance [21]. Residual versus predicted plots were
constructed to check the statistical assumptions. In this experiment, there is no
definite increase in residuals with predicted levels, which support the underlying
statistical assumptions of constant variance. Moreover, the obtained plots of residu-
als that do not exhibit any systematic structure indicate that the model fits the data
well (Figure 7). Plots of the residuals versus other predictor variables, or potential
predictors that exhibit systematic structure indicate that the form of the function
can be improved in some ways.

5. Conclusions

In this study, atenolol nanocrystals had been developed successfully by high-
speed homogenization and simultaneous drying, which have shown an improved
dissolution and permeability behavior compared to that of the pure drug. Statistical
analysis revealed speed of homogenizer had bigger effect on the three observed
parameters, whereas amount of surfactant had a lesser effect on them. SEM pic-
tures had shown that the size of the particles obtained after homogenization is
below 1 pm. This implied that the size of the drug crystals in these particles was of
nanoscale. Therefore, it can be concluded that the selected method of nanocrystal
formation and its further optimization by factorial design was effective to increase
the solubility, as well as permeability of atenolol.
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Chapter 6

Production, Processes and
Modification of Nanocrystalline
Cellulose from Agro-Waste:

A Review

R.A. Ilyas, S.M. Sapuan, R. Ibrahim, M.S.N. Atikah,
A. Atiqgah, M.N.M. Ansari and M.N.F. Norrrahim

Abstract

Nanocrystalline cellulose is a renewable nanomaterial that has gained huge
attention for its use in various applications from advanced biomedical material to
food packaging material due to its exceptional physical and biological properties,
such as high crystallinity degree, large specific surface area, high aspect ratio, high
thermal resistance, good mechanical properties, abundance of surface hydroxyl
groups, low toxicity, biodegradability, and biocompatibility. However, they still
have drawbacks: (1) sources of raw materials and its utilization in the production of
nanocomposites and (2) high chemical and energy consumption regarding the
isolation of macro-sized fibers to nano-sized fibers. The incorporation of hydro-
philic nanocrystalline cellulose within hydrophobic polymer limits the dispersion of
nano-sized fibers, thus resulting in low mechanical properties of nanocomposites.
Hence, surface modification on nano-sized fiber could be a solution to this problem.
This review focuses on the advanced developments in pretreatment, nanocrystal-
line production and modifications, and its application in food packaging, biomedi-
cal materials, pharmaceutical, substitution biomaterials, drug excipient, drug
delivery automotive, and nanopaper applications.

Keywords: nanocrystalline cellulose, nanocomposites, surface modification,
hydrolysis, agro-waste

1. Introduction

During the past decades, huge efforts have been made to improve new chemicals
and/or materials and replace broadly used petroleum-based products by utilizing
biomass renewable feedstock [1-3]. Biocompatible composites and biodegradable
plastics produced from biorenewable resources are regarded as promising biomate-
rials that could replace petrochemical-based polymers and hence reduce global
dependence on nonrenewable sources (i.e., fossil fuels: coal, petroleum, and
natural gas) and provide simplified recycling or end-of-life disposal [4-10].

Agro-based industry’s function is to increase the value of raw agricultural products
through downstream processing so that products are marketable, consumable, and
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used to generate income and provide profit to the producer [11]. However, there is
waste generated through the process of downstream and upstream of agro-industry.
The composition of industrial wastes varies depending on the types of industry as
different countries apply various categories for industrial waste which contribute
adversely to air, soil, and water quality. This is due to some of the industrial wastes
which are neither toxic nor hazardous. For example, organic wastes, such as corncob,
sugarcane bagasse, sugar palm (fiber, frond, bunch, trunk), areca nut husk fiber, wheat
straw fiber, soy hull fiber, pineapple leaf fiber, oil palm (mesocarp fiber, empty fruit
bunch, frond), rubber wood thinning, curaua fiber, banana fiber, water hyacinth fiber,
wheat straw, sugar beet fiber, etc. that are produced by agro-based industries are not
hazardous in nature and thus have potential for other uses [12-14]. Figure 1 shows the
by-products of agro-industry that are used for sources of lignocellulose biomass.
Biomass renewable feedstocks are of great interest due to the possibility of
nontoxicity, renewability, and biodegradability as well as sustainability [12-17].
Lignocellulosic can be classified as lower-value biomass (LVB). Lower-value bio-
mass (LVB) in forest or agriculture industry constitutes noncommercial material
traditionally left on site following harvesting of crops. However, emerging markets
for energy, chemicals, and bioproducts have increased incentives to harvest and
utilize this material in some cases [20-25]. Lignocellulosic biomass suppliers do not
use any kind of wood indiscriminately due to economic and environmental reasons;
they usually used mobilized woody biomass sourced from by-products of forest
operations, agriculture, and crops’ waste as well as the wood industry waste such as
sawmills. Lignocellulosic biomass sector has been developed to work in synergy
with other agro-based industry and wood-based industries to give value to
non-mobilized and/or low-value biomass such as trunk, fiber, sugar cane bagasse,
manure bedding, plant stalks, vines, hulls, leaves, vegetable matter, sawdust, mill

Figure 1.
By-products of agro-industry that are used for sources of lignocellulose biomass.
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Figure 2.
By-products of forest operation that are used for sources of lignocellulose biomass. Adapted from Ref. [23].
http:/fwww.europeanbioenergyday.eu/solid-bioenergy-in-questions-an-asset-to-eu-forests/.

1

Figure 3.
Schematic representation of lignocellulosic agro-waste and by-product of fovest classification. Adapted from

Ref. [7].

residues, thinnings, low-quality wood, tops, and limbs. Biomass generators do not
use high-quality timber or main agricultural products, as using lumber or major
crops would make the price of biomass wholly uncompetitive for end consumers.
Figure 2 shows the by-products of forest operation that are used for sources of
lignocellulose biomass. Natural fibers or lignocellulosic fibers can be classified into
two main groups that are wood and non-wood bio-fibers (Figure 3). This review
will be focusing on production, processes, modification, and application of
nanocrystalline cellulose from agro-waste.

2. Lignocellulosic biomass from agro-waste fiber and forest by-products

Lignocellulosic biomass comprises of three major chemical components that
are cellulose, lignin, and hemicellulose [18-21]. The chemical compositions of
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Cellulose Hemicellulose Lignin

Structure ¢ Cellulose is assembled

together with pectin
fibers, which function to
bind the cellulose

wall polysaccharide that
has the capacity to bind
strongly to cellulose

¢ Hemicellulose is a cell * Lignin is a cross-

linked polymer
with molecular
masses in excess

together to produce microfibrils by hydrogen 0f 10,000 u
tighter cell walls in bonds
natural fibers, Hemicelluloses consist
accounting for their of short chains—500-
strength providing 3000 glucose molecules
resistance to lysing in the per polymer
presence of water
¢ Hemicelluloses consist of
long chain—7000-
15,000 glucose
molecules per polymer
Function « Connecting cells to form Responsible for the * Responsible for
tissue moisture absorption, UV degradation
¢ Provide structural biodegradation ¢ Lignin assists and
support Microfibrils are cross- strengthens the
¢ Provides a strong linked together by attachment of
resistance to stress hemicellulose hemicelluloses to
¢ Prevents the cell from homopolymers microfibrils
bursting in hypotonic  Lignin plays a
solution crucial part in
conducting water
in plant stems
Properties ¢ Thermal stability Thermal stability * Thermal stability
(occurred from 315 to occurred from 220 to occurred from
~400°C) ~315°C 165 to ~900°C
Table 2.

Functions and properties of cellulose, hemicellulose, and lignin. Adapted from Refs. [6, 7, 27].

agro-waste fibers are different depending on the type of fiber as summarized in
Table 1. Besides that, it can be concluded in Table 1 that the highest cellulose
contents are pineapple leaf fibers (81.27%), followed by kenaf core powder
(80.26%). Besides that, from Table 1 also we can summarize that the chemical
composition of natural fibers is 30-80% cellulose, 7-40% hemicellulose, and 3-33%
lignin. Cellulose, hemicellulose, and lignin have their own properties and function-
ality. Table 2 shows the functional properties of the cellulose, hemicellulose, and
lignin. The physical, thermal, and mechanical properties of the natural fibers are
diverse between each other as they are mostly depending on cellulose crystallinity.
Intra- and intermolecular hydrogen bonding among the cellulose chains affects the
packing compactness of cellulose crystallinity. Table 1 shows the chemical compo-
sition of natural fibers and their crystallinity. From the abovementioned lignocellu-
losic, particularly, the hemicellulose and cellulose have promising features such as
existing refining agro-forest or agro-waste factories. For centuries, cellulose has
been utilized in the form of non-wood plant fibers and wood as building materials,
clothing, textile, and paper.

3. Nanocrystalline cellulose

Nanocrystalline cellulose (NCC) has several notable optical, chemical, and elec-
trical properties due to their needlelike shape, high surface area, high aspect ratio
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(length/diameter), high crystallinity, nanoscale size, high strength and stiffness,
low density, and highly negative charge which lead to unique behavior in solutions.
The high chemical reactivity of the surface makes NCC customizable for various
applications, besides their heat stability which allows high-temperature applica-
tions. Moreover, they also have huge surface OH groups which provide active

sites for hydrogen bonding through the interlocking with nonpolar matrix
[4,7,10, 45, 46]. Nanocrystalline cellulose can be isolated from cellulose as shown
in Figure 4. The nanocellulose can be obtained through two approaches: top-down
by the disintegration of plant fiber or bottom-up by biosynthesis [46]. For bottom-
up biosynthesis approach, fermentation of low-molecular-weight sugars occurred
by using bacteria from Acetobacter species. Meanwhile, for the top-down approach,
the production of nanocrystalline cellulose is chemically induced via removing
amorphous region. The chemical or mechanical treatments or a combination of both
treatments involves enzymatic treatment, grinding, high-pressurized homogeniza-
tion, acid hydrolysis, TEMPO-mediated oxidation, microfluidization, cryocrushing,
and high-intensity ultrasonification. Table 3 shows the hydrolysis approaches from
various sources of agro-waste and forest by-product for NCC isolation.

Isolating NCC from agro-waste
fibres and forest by-products

Marccrysialing celluios are inclsted from the
amorphous cefhulose ard ane needie-Ske shaped

Figure 4.
Schematic representation of lignocellulosic agro-waste and by-product of fovest classification. Adapted from

Ref. [47].

Source Process References
Acacia mangium H,SO, hydrolysis [56]
Algae H,SO, hydrolysis [57]
Areca nut husk fiber HCI hydrolysis [14]
Bacterial cellulose H,SO, hydrolysis [58]
Bamboo H,SO, hydrolysis [59]
Bamboo (Pseudosasa amabilis) H,SO, hydrolysis [60]
Banana fiber H,C,04 hydrolysis [31]
Banana pseudo-stem TEMPO-mediated oxidation, formic acid hydrolysis [61]
Cassava bagasse H,SO, hydrolysis [62]
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Source Process References
Coconut husk H,SO, hydrolysis [63]
Colored cotton H,SO,4 hydrolysis [64]
Corncob H,SO, hydrolysis [13]
Cotton (cotton wool) H,SO, hydrolysis [65]
Cotton linters HCI hydrolysis [66]
Cotton Whatman filter paper H,SO, hydrolysis [67]
Cotton (Gossypium hivsutum) H,SO, hydrolysis [68]
linters
Cotton stalk TEMPO-mediated oxidation and H,SO, hydrolysis  [69]
Cotton fiber H,SO, hydrolysis [70]
Curaua fiber H,S04, H,SO4/HCIl, HCI hydrolysis [35]
Eucalyptus kraft pulp H,SO, hydrolysis [71]
Grass fibers H,SO, hydrolysis [72]
Grass fibers (Imperata brasiliensis)  H,SO, hydrolysis [73]
Groundnut shells H,SO, hydrolysis [74]
Hibiscus sabdariffa fibers Steam explosion H,SO,4 hydrolysis [75]
Humulus japonicus stem H,SO, hydrolysis with high-temperature [76]
pretreatment
Industrial bioresidue H,SO, hydrolysis [771
Industrial bioresidue (sludge) H,SO,4 hydrolysis [78]
Kraft pulp H,SO, hydrolysis [79]
Kenaf core wood H,SO, hydrolysis [40]
MCC H,SO, hydrolysis [55]
Mengkuang leaves H,SO,4 hydrolysis [44]
Mulberry H,SO, hydrolysis [80]
Oil palm trunk H,SO, hydrolysis [81]
Oil palm empty fruit bunch H,SO,4 hydrolysis [82]
(OPEFB)
Phormium tenax (harakeke) fiber ~ H,SO,4 hydrolysis [83]
Potato peel waste H,SO, hydrolysis [84]
Flax fiber H,SO, hydrolysis [83]
Ramie KOH hydrolysis [85]
Ramie H,SO, hydrolysis [86]
Ramie H,SO, hydrolysis [87]
Rice husk H,SO, hydrolysis [63]
Rice straw H,SO,4 hydrolysis [88]
Sesame husk H,SO, hydrolysis [89]
Sisal fiber H,SO, hydrolysis [90]
Soy hulls H,SO,4 hydrolysis [91]
Sugar palm fiber H,SO, hydrolysis [6]
Sugar palm frond H,SO, hydrolysis [92]
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Source Process References
Sugarcane bagasse H,SO, hydrolysis [37]
Sago seed shells H,SO, hydrolysis [93]
Tunicate H,SO, hydrolysis [94]
Water hyacinth fiber HCI hydrolysis [48]
Wood pulp TEMPO oxidation followed by HCI hydrolysis [95]
Wheat straw H,SO, hydrolysis [96]
Valonia ventricosa HCI hydrolysis [97]
Table 3.

Available process of extraction approaches from different sources for NCC isolation.

4. Processes of nanocrystalline cellulose

Recently, researchers are exploring the potential utilization of agriculture or
forest wastes as NCCs’sources. As a consequence, the various local sources are used
to investigate the potential of NCC in certain technologies. The isolation of NCC
needs intensive hydrolysis chemical treatment. However, according to the degree of
processing and raw material, physical, chemical, enzymatic, and ionic pretreat-
ments are performed before nanocrystalline cellulose synthesis. Figure 5 shows the
sources, pretreatments, synthesis, and application of nanocrystalline cellulose. It is
good to know that appropriate pretreatments of cellulosic fibers promote the acces-
sibility of hydroxyl group, alter crystallinity, increase the inner surface, and break
cellulose hydrogen bonds and hence improved the reactivity of the fibers [6, 7, 10].
Several approaches to diminish cellulosic fibers into nanofibers can be divided into
several techniques such as acid hydrolysis, alkali treatment, mechanical treatments,
and combination of mechanical and chemical treatments. Common methods for
isolate NCC are hydrolysis methods which are a chemical method. Figure 6 shows

Source of Pretreatments Nanocrystalline Nanocrystalline
nanocrystalline Chemical cellulose cellulose
cellulose synthesis applications
*Physical process
*Wood and Forest «Chemical process e Acid hydrolysis *Food packaging
by-product oEnzymatic process «Alkali treatment «Optical devices
=Agricultural waste wlowicBqulds *Mechanical *Bone tissue
sPlant fibres treatments engineering
=Bacteria and *Combination of *Biomedical
Algae mechanical and capplication
chemical sPharmacology
treatments «Catalysis

Figure 5.
Sources, pretreatments, synthesis, and application of nanocrystalline cellulose. Adapted from Refs. [6, 7, 10].
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[ Strong acid hydrolysis of pure cellulosic material is performed under

strictly controlled experimental conditions (temperature, time, agitation,

and control of other conditions such as nature and concentration of the
acid and the acid to cellulose ratio)

Dilution of hydrolysis with water to halt reactions and repeated
washing with consecutive centrifugation

Considerable dialysis against distilled water to fully dispose of free
acid molecules

Mechanical treatment such as sonication scatter the nanocrystals as a
uniform stable suspension

Eventual concentration and drying of the suspension to produce solid
NCCs

Figure 6.
Typical process for the production of nanocrystalline cellulose. Adapted from Refs. [4, 5, 8].

the typical process for the production of nanocrystalline cellulose. Hydrolysis pro-
cess includes inserting raw plant fibers into a strong acidic environment with the
help of mechanical agitation. Concentrated acid and shear forces on solution gener-
ate shear rates in the stream and decrease the size of fibers to the nanoscale. Sulfuric
acid (H,SO,) is commonly used in the isolation process of NCC besides other
chemicals such as HCL [48], HBr [49], and H3PO, [50]. Hydrolysis process using
sulfuric acid solution resulted in a high number of negatively charged sulfate groups
on the surface of NCC. This process limits the agglomeration and flocculation of
NCC in an aqueous medium [51]. The drawback from this process is that the NCC
displays moderate thermostability. Hence to overcome this drawback, the NCC will
either undergo dialysis process using distilled water to fully dispose free acid mole-
cules or use sodium hydroxide (NaOH), which functions to neutralize nanoparticles
[52]. Figure 7 displays three steps in the mechanism of acid hydrolysis [53]:

1.Development of conjugated acid by reactions between oxygen protons and
glycoside acid

2.Breaking down of C-O bonds and segregation of conjugated acid into cyclic
carbonium ions

3.Release of the proton and free sugar after the addition of water

There are numerous studies that have been conducted on the effects of concen-
tration of acid, acid-to-fiber ratio, and temperature and time of the hydrolysis
process on the dimensions and morphological properties of yielded nanocrystalline
cellulose. According to Azizi et al. [29], there is a strong relationship between the
hydrolysis time and acid-to-fiber ratio to the length and dimensions of nanocrys-
talline cellulose, which by increasing the hydrolysis time and acid-to-fiber ratio
would reduce the dimension and length of nanocrystalline cellulose.

Besides that, there are large numbers of published studies [51, 54] that describe
the dimension, size, and shape of NCC that were affected by the conditions of
hydrolysis process (purity of the material, temperature, time, and ultrasound
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Figure 7.

Mechanism of hydrolysis of acid [53].

treatment) and a variety of cellulosic fiber sources. Bondeson et al. [55] conducted
an experiment on the isolation of NCC and found that the optimized condition is at
a concentration of 63.5% H,SO4, which yielded 38 wt.% of NCCs with a width of
10 nm. Another experiment that is conducted by Ilyas et al. [6] found that the
optimum yield for isolating sugar palm nanocrystalline cellulose is at a concentra-
tion of 60 wt% H,SO, and duration hydrolysis of 45 min, with length and diameters
of 130 + 30 and 9 + 1.96 nm, respectively. Table 3 shows the preparation of NCC
using various acid hydrolysis processes from different cellulosic sources. Typical
procedures for NCC extraction are composed of several steps: strong acid hydroly-
sis, dilution, dialysis, sonification, and drying of NCC.

5. Limitation and modification of nanocrystalline cellulose

There are several limitations when using natural fibers as reinforcement filler in
the polymer matrix such as single-particle dispersion, barrier properties,
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Limitation of nanocellulose. Adapted from Refs. [6, 7, 10].
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permeability properties, and poor interfacial adhesion (Figure 8). Nanocrystalline
cellulose has a strong propensity of self-association due to the interaction of abun-
dance OH groups within its surface, which causes agglomeration and limits its
potential applications. Besides, hydrophilic properties of nanocrystalline cellulose
make it difficult to disperse homogenously within any medium and matrix. There-
fore, in order to overcome the incompatible nature, poor interfacial adhesion, and
difficult dispersion of nanocrystalline cellulose in a polymer matrix, surface modi-
fication of fibers or modification of matrix is introduced. Nanocellulose displays a
high surface area valued more than 100 m*/g. This gives advantages to
nanocellulose for surface modification in order to introduce any desired surface
functionality. However, according to Postek et al. [98], the surface chemistry of
nanocellulose is primarily controlled by the process of isolation that used to prepare
these nanocelluloses from raw cellulose substrate. Figure 9 shows the most com-
mon surface chemical modifications of nanocrystalline cellulose. Surface modifica-
tion of NCC can be categorized into three typical groups, namely, (1) polymer
grafting based on “grafting onto” strategy with different coupling agents (as indi-
cated with blue arrows in Figure 9), (2) substitution of hydroxyl group with small
molecules (as indicated with red arrows in Figure 9), and (3) polymer grafting

H
Dﬂ EHy ‘ L] . " e
I Oue Mo~tF
o o -
* TEMPO oxbdatin CH *
debatylnbeed M * iHndiﬁpdﬂl PEG gratind salo C4
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PLA grafted from CH
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VATRP) PRBLAZ O grafted drem CH

l&“ﬂmhlmhwﬂl‘ POMAEMA gealted frem CN
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|ATRP) Pedystyrens grafted inem CN

Figure 9.

Schematic diagram illustrating nanocellulose surface functionalization modification. PEG, poly (ethylene
glycol); PEO, poly(ethylene oxide); PLA, poly(lactic acid); PAA, poly(acvylic acid); PNiPAAm, poly(N-
isopropylacrylamide); PDMAEMA, poly(N,N-dimethylaminoethyl methacrylate). Adapted from Ref. [99].
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based on the “grafting from” approach with a radical polymerization involving
single-electron transfer-living radical polymerization (SET-LP), ring opening poly-
merization (ROP), and atom transfer radical polymerization (ATRP) (as indicated
with yellow arrows in Figure 9). The enhancement of NCC-polymer matrix inter-
action is predicted to improve the stress transfer from the matrix to the dispersed
phase and hence enhances the capability of load bearing material. Besides, the
chemical modification of NCC can be dispersed in the low polarity of organic
solvent and mixed with a polymer matrix solution or directly introduced into the
polymer melt after drying. Nevertheless, two effects ascend from this process: (1)
allow the improvement of dispersion of modified NCC in the polymer matrix and
(2) limit the interaction between NNC and matrix through hydrogen bonding
which is the basis of the outstanding mechanical properties of nanocellulose-based
nanocomposites.

6. Applications of nanocrystalline cellulose from agro-waste fiber
and forest by-products

The incorporation of nanocrystalline cellulose in biopolymers for the
nanocomposite production provides huge advantages with superior performance
which would extend their applications in various applications. This is due to their
outstanding thermal and mechanical properties. NCC also can reduce the water
vapor permeability of the composites due to its high gas permeability [26]. Besides
that, NCC can be used to stabilize the encapsulated bioactive compounds in bio-
polymers for allowing better control in food applications which can improve the
food quality, extend the shelf-life of food, and serve as active substance carriers
such as antifungal, antioxidant compounds, antimicrobial, and insecticide.

The utilization of natural cellulose-based materials continues today as verified
by the various industry players from forest product to make pulp and paper to the
advanced technology used in biomedical applications. These uses have been
reported extensively as summarized in Table 4. NCC can be used as a drug delivery

Polymer component Manufacturing Applications References
technique

Cellulose esterified with ~ Solution casting and  Interface melting [101]

lauroyl chloride thermopressing

Ethyl acrylate; methyl-  Solution mixing Drug carrier [100]

methacrylate

Ethylene-co-vinyl Solution mixing and  Transparent, rubbery materials [102]

acetate rubber vulcanization

Maleic-anhydride Electrospinning Bone tissue engineering [103]

grafted PLA

Methylcellulose Hydrogel by aqueous ~ Thermoreversible and tunable [104]
dispersion nanocellulose-based hydrogels

PC Masterbatch melt Optical devices [105]
extrusion process

PC-based polyurethane  Solution casting Smart actuators and sensors [106]

blend

Plasticized PLA Twin-screw extruder  Film blowing, packaging [107]

Plasticized starch Solution casting Transparent materials [108]
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Polymer component Manufacturing Applications References
technique
PU Solution casting High temperature biomedical devices [109]
PVA Solution casting Stretchable photonic devices [110]
PVA Solution casting Wound diagnosis/biosensor scaffolds [111]
PVA Solution casting Conductive materials [112]
Starch Blending, solution Air permeable, resistant, surface- [113, 114]
casting sized paper, food packaging
Starch Solution casting Food packaging [60]
Cassava starch Solution casting Food packaging [62]
Sugar palm starch Solution casting Food packaging [115]
Wheat starch Solution casting Food packaging [87]
Tuber native potato Solution casting Packaging [116]
Cereal corn Solution casting Packaging [116]
Legume pea Solution casting Packaging [116]
Waterborne acrylate Solution mixing Corrosion protection [79]
Wheat straw Solution casting Packaging [96]
hemicelluloses
PVA Solution casting Food packaging [83]
Chitosan Solution casting Food coating/packaging [70]
Table 4.

Polymer component reinforced NCCs and its manufacturing technique and applications.

excipient; Burt et al. [100] investigated the capability of pure NCC to bind water-
soluble antibiotics (tetracycline and doxorubicin) and the potential of cationic NCC
to bind non-ionized hydrophobic anticancer agents (docetaxel, paclitaxel, and
etoposide). Moreover, besides direct use as drug delivery excipient, NCC can also
be used as co-stabilizer to improve the physicochemical and flow properties of
polymeric excipients. Acrylic beads prepared via emulsion polymerization using
NCC as co-stabilizer were proven to be a suitable excipient.
Table 5 shows several nanocelluloses, NFCs, and NCCs that have been used as
reinforcement fillers in polymer matrices. The polymer matrices used are from both
synthetic and natural polymers. Table 6 shows examples of NCCs used as fillers in
polymeric matrices.

Source Filler = Polymer matrix Ref.
Sugar palm NCC  Sugar palm starch [117]
Sugar palm NFC Sugar palm starch [115]
Acacia mangium NCC PVA [56]
Bacteria NCC CAB (0-10 wt% filler) [58]
Cotton NCC PVA (0-12 wt% filler) [118]
Flax NFC/  PVA (10 wt% filler), waterborne [119, 120]
NCC  polyurethanes (0-30 wt% filler)

Hemp NFEC  PVA (10 wt% filler) [120]
Kraft pulp NCC  Waterborne acrylate [79]
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Source Filler = Polymer matrix Ref.
MCC NCC PLA (5 wt% filler) [121]
Potato pulp NFC Starch/glycerol (0-40 wt% filler) [122]
Ramie NFC  Unsaturated polyester resin [85]
Ramie NCC Starch/glycerol (0-40 wt% filler) [87]
Rutabaga NFC PVA (10 wt% filler) [120]
Soy hulls NFC No attempts were made with composites [29]
Sugar beet NFC/  Styrene/butyl acrylate (6 wt% filler) [123]
NCC
Tunicate NCC Styrene/butyl acrylate (6 wt% filler), starch/sorbitol [94, 124—
(25 wt% filler), waterborne epoxy (0.5-5 wt% filler) 126]
Water hyacinth NCC Yam bean starch [48]
fiber
Water hyacinth NFC Yam bean starch [127]
fiber
Wheat straw NFC No attempts were made with composites [29]
Wheat straw NCC Wheat straw hemicelluloses [96]
Wood pulp NFC/  PVA (10 wt% filler), PLA (5 wt% filler) [120, 128]
NCC
Cassava bagasse NCC Cassava starch [62]
Ramie NCC Wheat starch [87]
Phormium tenax ~ NCC ~ PVA [83]
(harakeke) fiber
Flax fiber NCC PVA [83]
Potato peel fiber NCC Starch [84]
Table 5.

Different nanocellulose sources of reinforcement fillers in polymer matrices.

Polymer References
Cellulose acetate butyrate [58, 129]
Cellulose [130]
Chitosan [131-133]
Poly(acrylic) acid, PAA [134]
Poly-(allylmethylamine hydrochloride), PAH [135]
Poly-(dimethyldiallylammonium chloride), PDDA [136]
Poly(ethylene-co-vinyl acetate), EVA [137]
Poly(hydroxyalkanoate), PHA [133, 138]
Poly (hydroxyoctanoate), PHO [139]
Poly(lactic acid), PLA [118, 121, 140-144]
Poly(methyl-methacrylate), PMMA [145, 146]
Poly(oxyethylene), PEO [147, 148]
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Polymer References
Poly(styrene-co-butyl acrylate) [94, 149, 150]
Poly(vinyl alcohol) (PVA) [56, 83, 151]
Poly(vinyl alcohol), PVOH [67, 152-154]
Polycaprolactone, PCL [155-157]
Polypropylene, PP [158, 159]
Polystyrene [160]
Polysulfone [161]
Polyurethane, PU [162-164]
Polyvinyl chloride, PVC [165-167]
Regenerated cellulose [168, 169]
Soy protein [170]
Starch-based polymers [60, 62, 84, 152, 171-173]
Waterborne acrylate [79]
Xylan [174-176]
Hemicellulose [96]

Table 6.

NCC used as filler in polymeric matrices.

7. Conclusion

Agro-waste is an unavoidable by-product that arises from various agricultural and
agro-forest activities’ operation. However, different kinds of agro-product industries,
change of lifestyle, and population growth are assumed to be within the main factors
that increase the rate of waste generation globally and locally. Therefore, proper
waste management selections are very important based on the types of wastes and
cost-effective factors in order to reduce the damage to the ecosystem. One of the
alternatives to reduce agro-waste disposal is converting it to high-end value products
such as nanocrystalline cellulose. In the present work, an overview of the production,
processes, modification, and application of nanocrystalline cellulose from different
agricultural wastes was proposed and leads to the following main concluding remarks:
(1) it is important to select the proper raw material of agro-waste fiber, due to a broad
variety of structure and chemical composition and its pretreatment process before the
extraction process of nanocellulose begin; (2) the surface charge and morphology of
nanocrystalline cellulose are affected by the production conditions such as hydrolysis
time, temperature, and the acid-to-fiber ratio; and (3) nanocrystalline cellulose can
be used in various applications including in hydrophobic polymer after some modifi-
cation is made. The utilization of several lignocellulosic wastes from agricultural and
forest by-product activities becomes the best proposal regarding cost/energy savings
and economic development. The agricultural residue is available worldwide, abun-
dant, cheap, and an unexploited source of cellulose that could be used as large-scale
production of nanocellulose products.
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