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Preface

The field of nanomaterials consists of building nanometric structures, which are
made up of a limited number of atoms in the miniaturized world. Organic flexible
electronics represent a highly promising technology that provides increased func-
tionality and the potential to meet future challenges of scalability, flexibility, low
power consumption, lightweight, and reduced cost. These materials may find wide
scope due to their utilization with curved surfaces and incorporated into several prod-
ucts that could not support traditional electronics. This book covers device physics,
processing and manufacturing technologies, circuits and packaging, metrology and
diagnostic tools, architectures, and system engineering. The first unit (Chaps. 1–
7) covered organic semiconducting nanomaterials and conducting polymers. High-
lighting emerging organic and polymeric optoelectronic materials and devices, it
presents the fundamentals, principal mechanisms, representatives. This second unit
(Chaps. 8–15) describes various applications on water treatment, photovoltaic mate-
rials, energy storage applications. Magnetic nanomaterials and polymeric nanoma-
terials are important materials in daily life. The third unit (Chaps. 16–21) of this
book emphasizes materials and their uses in water treatment, induced heat gener-
ation, tissue engineering, sensor, and energy applications. The third unit describes
ferroelectric and piezoelectric materials and their applications in various fields. This
is a guided tour of the discovery of the nanoworld which we hope will arouse the
reader’s curiosity so that they will engage more profoundly with the subject. In many
different fields,we can observe a tidalwave of newproducts,which are directly linked
to nanosciences.

We have entered the nano era: progress in the domains of electronics, informa-
tion technology, and telecommunications allows us to bring together once separate
fields. Microelectronics, which is covered in Chap. 1, has merged with methylammo-
nium lead bromide perovskite films and their applications to optoelectronic devices.
Chapter 2 will introduce this convergence and the impressive new perspectives that
it opens up. Silicon nanowires for hybrid solar cells. Chapter 3 deals with a start-
of-the-art for green energy storage using lead-free dielectrics. The nanostructures
exhibit excellent material characteristics, including high carrier mobility and radia-
tive recombination rate as well as long-term stability, good optical transparency,
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mechanical flexibility, and electrical characteristics. Hence, Chap. 4 deals with
nanostructure semiconductor materials for device applications. Silicon nanowires
(SiNWs) have been widely studied as light-harvesting antennas in photocatalysts
due to their ability to absorb broad-spectrum solar radiation, but they are typically
limited by poor photoelectrochemical stability. Hence, Chap. 5 emphasizes reduced
graphene oxide/SiNWs heterojunction for photovoltaic application. Controlling the
morphology of high bandgap zinc oxide nanostructured materials is critical for
their use in technological applications including in sensing, electronics, and energy
harvesting. Hence, Chap. 6 focuses on chemical bath deposited zinc oxide nanostruc-
tured thin films and their applications. Supercapacitors are energy storage devices
that will replace or boost batteries in multiple applications for their widespread
utilization and commercialization, Moreover, it has many technological challenges
dealingwith stability of electrode, flexibility, and corrosion issues.Chapter 7will deal
with recent trends and research challenges on supercapacitors. Industrial wastewater
is generated with anthropogenic activities and is the most environmental threat that
needs remediation to overcome the environmental damages, thereby reducing human
risks. Currently, wastewater treatment techniques are applied, and the utilization
of nanomaterials for pollutant removal is an emerging technology. Chapter 8 deals
withmagnetic nanoparticles inwastewater treatment, supercapacitor, and biomedical
applications. The study of the magnetohydrodynamic flow of a nanoparticle suspen-
sion under the influence of varied magnetic and electric fields has been the focus
of research in contemporary times. Chapter 9 deals with the effects of viscosity on
magnetically induced heat generation. A shape-controlled synthesis of nanoparticles
by regulating chemical diffusion and reaction kinetics. Chapter 10 deals with the
morphology-controlled synthesis and morphology-induced structures of different
nanoparticles. Ionic liquids are structurally heterogeneous on the nanoscale; the
features of this structure are highly variable, but controllable through polar/apolar
structure and composition, charge density, and H-bonding capacity of the cation
and anion. Chapter 11 deals with nanostructures in ionic liquid. The recent efforts
and key research challenges regarding natural, synthetic, and hybrid polymers both
with and without organic and inorganic fillers are employed for various applica-
tions. Chapter 12 deals with recent advances in nanostructured polymers. In recent
years, polymer nanocomposites (PNCs) have attracted the attention of scientists
and technologists in water purification due to improved processability, surface area,
stability, tunable properties, and cost-effectiveness. Chapter 13 deals with polymer
nanocomposite for water remediation. Heavy metals like mercury (Hg), cadmium
(Cd), arsenic (As), lead (Pb), and chromium (Cr) are highly poisonous and hazardous
to human health due to their non-biodegradability and highly toxic properties, even at
trace levels. Thus, efficient, low-cost, and environmentally friendly methodologies
of removal are needed. These removal needs to require fast detection, quantifica-
tion, and remediation to have heavy metal-free water. Nanostructures emerged as a
powerful tool capable to detect, quantify, and remove these contaminants. Chapter 14
gives information on low-dimensional nanostructured materials for the sustainable
generation of water and energy. Insufficiently stable and sensitive processing condi-
tions of heterojunction addressed the development of core/shell quantum dots (QDs),



Preface vii

which incorporate a shell of wider bandgap semiconductor materials around the
QD cores. Chapter 15 deals with X-ray probing for the structural and functional
studies of CdSe-CdS nanoparticles for detector application. Piezoelectric materials
and devices have drawn extensive attention for energy harvesting due to their excel-
lent electromechanical conversion properties. With increasing concerns about envi-
ronmental problems in traditional lead-based piezoelectric materials, it is imperative
to develop lead-free piezoelectric alternatives. Chapter 16 deals with lead-free piezo-
electric nanostructures and their applications. Barium titanate materials displaying a
positive temperature coefficient of resistivity are ubiquitously employed as thermis-
tors in electrical current and voltage control systems, as well as in gas and thermal
sensing applications. Chapter 17 deals with barium titanate-based lead-free ferro-
electrics ceramics: and their past, present, and future. Nanoferrites were tested in
three different photoreactor configurations. The rate of hydrogen evolution by nano-
ferrite was significantly influenced by the photoreactor configuration. Chapter 18
deals with recent advances in nanoferrite materials for photocatalysts and electrocat-
alysts forwater splitting. Lead-based perovskites, predominantly Pb(Zr,Ti)O3 (PZT)-
based ceramics are with excellent electromechanical properties, with wider research
and industrial use. Chapter 19 deals with polycrystalline alkali niobate piezoelectric
ceramics sintered by microwave technique.

Imphal, India Bibhu Prasad Swain
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Chapter 1
Methyl Ammonium Lead Bromide
Perovskite Films and Their Applications
to Optoelectronic Devices

Bhabani Sankar Swain

1 Introduction

Methylammonium lead halide perovskite (MAPbX3, X = I, Br, Cl) have been a
material of interest to scientists and researchers due to their versatile optoelec-
tronic properties. Especially, Methylammonium lead bromide (MAPbBr3), which
has a larger direct bandgap (2.3 eV) with balanced change diffusion length, exciton
binding energy enables its application to the solar cell, photodiode, light-emitting
diode, laser, x-ray scintillator, etc. [1–11]. Due to its large bandgap, the solar cell
based on MAPbBr3 provides a short circuit current (Jsc) of approximately 9 mA/cm2

and an open-circuit voltage (Voc) of 1.5–1.6 V. Results show the UV–vis absorption
band cut off and the PL intensity appeared at 532 nm showsMAPbBr3 is the possible
candidate of green LED. Device-based on CH3NH3PbBr3 with higher lower unoc-
cupied molecular orbital (LUMO = -3.4 eV) and deeper higher occupied molecular
orbital (HOMO= -5.6 eV) level can achieve high Voc and be semi-transparent which
is a suitable candidate to be used as a top cell of all tandem solar cells.

In this chapter, some basic properties of MAPbBr3 perovskite films including
crystal structure, bandgap, and some of the optoelectronic properties will be
discussed. We will discuss different fabrication methods to fabricate MAPbBr3
perovskite films. Finally, some possible applications of MAPbBr3perovskite film
including solar cell, photodiode, laser, and x-ray scintillator to be discussed.

B. S. Swain (B)
Department of Materials Science and Engineering, Kookmin University, Seoul, Republic of Korea
e-mail: bsswain@kookmin.ac.kr
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2 Fabrication Methods of MAPbBr3 Perovskite Films

MAPbBr3 films can be fabricated by different depositionmethods including one-step
process, two-step process ((dipping (static) as well as spinning (dynamic)), thermal
evaporation process, and an anion exchange reaction method. In a one-step process,
the equimolar concentration of lead bromide (PbBr2) andmethylammonium bromide
(MABr) were dissolved in a suitable solvent such as dimethylformamide (DMF),
Dimethyl sulfoxide (DMSO), or γ-butyrolactone and spin-coated at optimum condi-
tion (spinning rate and spinning time) to achieve the desired thickness of MAPbBr3.
In the two-step process, PbBr2 is to be deposited first and then PbBr2 film to be either
dip casting or spin-cast by the MABr solution. In the thermal evaporation process,
PbBr2 and MABr to be co-evaporated to achieve the desired thickness of MAPbBr3
film. Each method has its advantage and disadvantage. In the later section, each
method will be discussed extensively.

2.1 One-Step Deposition Process

In earlier research in perovskite materials, the researcher fabricated perovskite films
by one-step deposition method. This is a very easy method to fabricate highly
crystalline MAPbBr3 Perovskite film for device application. In this method, the
equimolar concentration of PbBr2 and MABr is to be dissolved in suitable solvents
or solvent mixture, spin-coated on the substrate. Many groups have extensively
used this method to fabricate highly compact and pinhole-free MAPbBr3 film with
desired thickness [1–11]. Colloidal ethylammoniummethylammonium lead bromide
(EAxMA1−xPbBr3) nanocrystals (NCs) were synthesized by a mixture of ethyl-
ammonium bromide and methylammonium bromide (0.04) [12]. In this method, a
total of 0.04 mmol of a mixture of ethylammonium bromide and methylammonium
bromide, octyl ammonium bromide (12.6 mg, 0.06 mmol), and PbBr2 (36.7 mg,
0.1 mmol) were dissolved in 400 μL DMF. The resulted solution again dispersed in
γ-butyrolactone under stirring condition results in MAPbBr3 [12].

When a mixture of MABr and medium/long-chain alkyl ammonium bromide
was reacted with PbBr2 in the presence of oleic acid and octadecene, highly stable
MAPbBr3 was obtained [13]. The main role of longer chain alkyl ammonium cation
which only fits the periphery of octahedral sites of PbBr6 inhibits the 3D growth of
the nanoparticles. This strategy produces intrinsic perovskite nanoparticles stabilized
by the long alkyl chains [13]. Single crystal MAPbBr3 perovskite was synthesized
by the inverse temperature crystallization method [14]. In this method, the equal
molar concentration of PbBr2 and MABr in DMF was taken in DMF and placed at
100 C in an oil bath. This process was repeatedly done and washed by anhydrous
ether to fabricate a larger single crystal. The different cycle of deposition processes
gives rise to different crystal planes. The study shows that the first cycle of the
deposition process givesMAPbBr3 single crystal grown along (200) plane. However,
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the MAPbBr3 crystal grown after the third cycle leads to polycrystalline in nature
[14]. By using hot methylamine (CH3NH3) gas injection onto MAPbBr3 films, a
comparatively larger single crystal was fabricated by Ye et al. [15]. As a result,
the recrystallization process converts the MAPbBr3 polycrystalline films to single-
crystal MAPbBr3 film, which was confirmed by the XRD spectra. The schematics
of their process are presented in Fig. 1.

The size and shape of MAPbBr3 nanocrystals were modified by adding the
MAPbBr3 solution into 1,2,4-trichlorobenzene (TCB) and also further size and shape
were controlled by adding cyclohexane of different ratios to TCB [16]. Ligand free
synthesis method commonly provides surface passivation to MAPbBr3 nanocrystal
without the cover of ligands. By choosing a proper solvent for dispersion that is
not miscible by the nanocrystals promotes the recrystallization process. This leads to
dispersion of nanocrystal in the immiscible solvent to synthesize dispersedMAPbBr3
nanocrystal [16]. Similarly, Kirakosyan et al. varied the TCB and Cyclohexane ratio
to fabricate different sizes of MAPbBr3 nanocrystals and studied their optical prop-
erties. To fabricate cube-shaped MAPbBr3 crystals with tuning different sizes were
synthesized by the ligand-free precipitation method [17]. Cyclohexane was miscible
with TCB but poorly miscible with DMF. Thus, an addition of cyclohexane to TCB
retarded diffusion of the injected droplets of DMF solution for re-precipitation of

Fig. 1 Schematic diagrams for MAPbBr3·xCH3NH2 precursor preparation and MAPbBr3 forma-
tion by pressure-assisted soft-cover deposition (I) MAPbBr3 crystal; (II) MAPbBr3 single crystal
liquefied by hot CH3NH2 gas; (III) MAPbBr3·xCH3NH2 precursor; (IV)MAPbBr3 film fabrication
by pressure-assisted soft-cover deposition; (V) MAPbBr3 film [15]



6 B. S. Swain

Fig. 2 SEM image of MAPbBr3 fine crystals. (a, b) using the TCB and (c, d) using the TCB-
Cyclohexane mixed solvent as a poor medium [16]

MAPbBr3. So, a mixture of good and poor solvents retarded the recrystallization
process, results in a small number of nuclei and their growth to large size (Figs. 2,
3).

In a similar method of fabrication, different groups fabricated MAPbBr3 by the
LARP method. A mixture of 0.4 mmol PbBr2 and 0.32 mmol CH3NH3Br was added
to 10 ml of chlorobenzene (CB) mixed with 40 μl of n-octylamine and 1 ml of
oleic acid. After ultra-sonification for 30 min changed the solution color from trans-
parent to orange, confirmed MAPbBr3 quantum dots. Further ultra-sonification and
centrifuge result in bright yellow-green MAPbBr3 QDs colloid solution with strong
green emission was observed. The concentration of PeQDs solution is estimated to
be 0.6mg/ml in CB. PMMAwas dissolved in the colloidal solution at a concentration
of 10 mg/ml to form the PeQDs-PMMA precursor solution for device fabrication
[18].

2.2 Two-Step Deposition Process

The two-step processed perovskite film was fabricated by Mitzi et al. and others
[7–10]. It was observed that the two-step processed MAPbI3 perovskite film has
comparatively better microstructure, structural and optical properties, which results
in higher PCE contrast to 1-step processed perovskite films. However, in earlier
research, the researcher focused only on a one-step process due to the solubility
issue of MABr in isopropyl alcohol. In the two-step process, PbBr2 was spin-coated
at a typical condition andMABr was either dipped inMABr or spin-coated of MABr
at a typical process condition. Wu et al., fabricated MAPbBr3 films by two-step
spinning process. In this process, PbBr2/DMF was spin-coated onto ETL and then
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Fig. 3 Schematic illustrations of proposed mechanisms for MAPbBr3 fine crystals. (1) 70 nm
MAPbBr3 NCs, (2) 600 nm MAPbBr3 Crystals, and (3) MAPbBr3 crystals with hollow spherical
structures [16]

MABr/IPA was spin-coated on to PbBr2 film. The advantage of spin coating depo-
sition is, its dynamic process provides better control of conditions such as spinning
rate, spinning time, reaction time, solvent evaporation. They have also observed post
solvent annealing ofMAPbBr3 films improved the surfacemorphology ofMAPbBr3.

In a 2-step processedMAPbBr3, Swain et al. fabricatedMAPbBr3 nanocube arrays
by both solution engineering [20] and solvent engineering [21]. The main issue is the
solubility issue of MABr in IPA. Ethanol and methanol can be alternative solvents
to dissolve MABr. It should be noted here that the maximum solubility of MABr in
IPA is about 10 mg/mL. However, MABr has much higher solubility (~90 mg/mL)
in ethanol and methanol. The concentration of MABr in ethanol/methanol leads to
different shapes and sizes of MAPbBr3 nano/micro cubes.

The most common solvent to prepare PbX2 is DMF. DMSO, and GBL or
mixer of these solvents. Different microstructures were realized by using DMF and
DMSO as solvents. A uniform, dense, compact sub-micron size perovskite nanocube
arrays perovskite film was fabricated using DMF as solvent. However, nanorod and
microplate perovskite films were fabricated when DMSO was used as the solvent.
Moreover, Post-treatment of DMF and DMSO with MABr/ethanol improved the
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Fig. 4 Microstructure evolution of MAPbBr3 film deposited by 2-step spin coating process using
different MABr concentration in ethanol; (a) 5 mg/ml, (b) 15 mg/ml, (c) 30 mg/ml, (d) 45 mg/ml,
(e) 60 mg/ml, and (f) 75 mg/ml [20]

microstructure [21]. It was also observed that the absorbance of MAPbBr3 fabri-
cated using DMF as solvent is more than that of MAPbBr3 fabricated using DMSO
[21] (Figs. 4, 5, 6, 7, 8).

2.3 Ligand Mediated Growth of MAPbBr3

Different shapes and sizes of MAPbBr3 nanocube, nanowire, and nanosheet of
nanocrystals could be achieved ligand assisted by control of thermodynamic (surface
ligands) and kinetic (aging time, feed rate, and concentration) parameters for opti-
mized design of optoelectronic properties and device application [22]. In a typical
synthesis, MAPbBr3 was prepared by adding 0.2 mmol of PbBr2 and 0.2 mmol of
MABr in 0.5 mL of oleic acid, and 20 μL of oleylamine or octylamine into a 5 mL
DMF solution (Fig. 9). The resultant solution of 1 mL was dispersed in 10 mL of
anhydrous toluene or other organic solvents to induce the precipitation MAPbBr3
nanocrystal. In addition, a further variation of concentration of octylamine ligand
(10 μL, 50 μL, 75 μL) tuned the MAPbBr3 microstructure (Fig. 10) [22].
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Fig. 5 Microstructure evolution of MAPbBr3 film deposited by 2-step spin coating process using
different MABr concentration in methanol; (a) 5 mg/ ml, (b) 15 mg/ml, (c) 30 mg/ml, (d) 45 mg/ml,
(e) 60 mg/ml, and (f) 75 mg/ml [20]

3 Properties of MAPbBr3 Perovskite Films

3.1 Structural Properties

Figure 11 shows the typical X-ray diffraction patterns of MAPbBr3 single-crystal
and polycrystalline film, respectively. The peaks appeared at 14.98°, 21.20°, 25.36°,
30.17°, 33.87°, 43.26°, 46.02°, and 53.59° corresponds to the diffraction plane (001),
(110), (111), (002), (210), (211), (220), and (003) of polycrystalline MAPbBr3
respectively. The crystal structure of MAPbBr3 nanocrystals belongs to the space
group of Pm3m with a lattice spacing, a = 5.9896 Å. The crystalline nature of
the perovskite films MAPbBr3 depends on the deposition method which surely has
different morphology, thickness, and quality of films. The crystallinity of MAPbBr3
depends upon the surface properties of substrates, the molar concentration of
precursor and types of solvent used, processing condition (spinning rate, reaction
time), annealing temperature, and annealing time.
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Fig. 6 A schematic illustration of the fabrication process of MAPbBr3 perovskite films fabricated
by two steps spin coating (using DMF). PbBr2/DMF was spin-coated on TiO2/glass substrate at
typical condition (3000 rpm/30 s) and annealed at 100 °C for 5 min 50 μL of DMF was added
to 30 mg MABr/ethanol and the solution was spin-coated on to PbBr2 film at 1500 rpm/30 s and
annealed at 100 °C for 5 min (Expt. 1), b the same experiment was performed using DMSO as
solvents (Expt.2) [21]

Fig. 7 The low resolution (LR) and high resolution (HR) SEM images of MAPbBr3 perovskite
films were fabricated by using DMF after different reaction times; a 1 min, b 3 min, and c 5 min.
The reaction time means the time allowed the DMF/MABr/ethanol solution on the PbBr2 before
spinning starts [21]
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Fig. 8 The LR- and HR-SEM images of MAPbBr3 perovskite films were fabricated by using
DMSO after different reaction times; a 1 min, b 3 min, and c 5 min [21]

Fig. 9 aSchematic illustrationof the experimental setupwhere toluenewas added into the precursor
solution (MABr: PbBr2: octylamine: oleic acid= 1: 1.25: 1.1: 8.8) at a constant feed rate (0.02–300
mL/min). SEM images of MAPbBr3 crystals synthesized at the feed rate of b 0.02, c 0.05, d 0.5,
and e 300 mL/min, respectively. f TEM image and diffraction pattern (inset) of a single MAPbBr3
NW g Scheme show a crystal shape determined by the preferential growth process depending on
the feed rate [22]

3.2 Optical Properties

The size and microstructure-dependent optical properties were studied by Droseros
et al. [24]. They studied three different types of polycrystalline, microcrystals
MAPbBr3 films. A blue shift of absorption onset and PL bands was observed
with decreasing crystal size. They have also confirmed that additive passivation of
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Fig. 10 a-h SEM images and i the characteristic length of MAPbBr3 crystals aged for 1 day
depending on the amount of n-octylamine (0.03 and 0.18 mmol; MABr:OAm = 1:0.2 and 1:1.1)
and oleic acid (0.28, 0.57, and 1.41 mmol; MABr:OA = 1:1.8, 1:1.35, and 1:8.8) at the feed rate of
300 mL/min. The insets show the distribution of average particle size [22]

Fig. 11 SEM images of MAPbBr3 crystals synthesized in the presence of a dodecylamine
(DDAm), b oleylamine (OlAm), and c, d octadecylamine (ODAm) [22]

nanocrystals reduced the surface trapping. The blue shift of PL peak of MAPbBr3
film was observed with increasing of annealing of temperature 70 to 110 °C a blue
shift was observed. They explained the phenomena by the formation of unordered
crystals as well as a low crystallinity of the material [24] (Fig. 12).
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Fig. 12 a MAPbBr3 single-crystal images at different crystallization temperatures. X-ray diffrac-
tion patterns at room temperature. The inset shows the full width at half maximum (FWHM) of
(100), (200), (300), and (400) planes [23] and b comparison of XRD spectra of the polycrystalline
film deposited by two-step method using DMF and DMSO as solvent [21]

4 Applications of MAPbBr3 Perovskite Films

4.1 Solar Cells

MAPbBr3 as an active layer with conventional (p-i-n) and inverted solar cell (n-i-p)
was realized by choosing suitable electron transport layer (ETL) and hole trans-
port layer (HTL) matching with lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) of MAPbBr3. Ultraviolet photoelec-
tron spectroscopy (UPS) studies show the HOMO and LUMO of MAPbBr3 were
3.8 and 5.7 eV, respectively, and the UV–Vis spectroscopy confirmed the bandgap
of MAPbBr3 is about 2.3 eV. This energy level of MAPbBr3 allows many ETL
and HTL to match with the energy level of MAPbBr3 for solar cell application.
The most common ETL used for MAPbBr3 solar cells is TiO2 because of the
simple method to fabricate by spin coating of commercially available mesoporous
anatase TiO2 nanoparticles. As we know, the solar cell requires each layer to be
a dense, pinhole-free, and compact layer. So, the microstructure of the MAPbBr3
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mainly decides the PCE of solar cells by minimizing series resistance and providing
high shunt resistance. HTL, as well as ETL-free MAPbBr3 perovskite active layer,
was realized by Peng et al. [25]. The device shows an excellent efficiency of
5.49% without any transport materials [25] (Table 1). ICBA (1′,1′′,4′,4′′-Tetrahydro-
di[1,4]metha-nonaphthaleno[1,2:2′,3′,56,60:2′′,3′′][5,6] fullerene-C60) has a higher
LUMO level compared to PCBM (phenyl-C61-butyric acid methyl ester) used as
ETL in perovskite solar cell to improve the Voc and FF [19].

4.2 Light-Emitting Diodes

So far, several groups fabricated MAPbBr3-based LED using different electron
injection layers (EIL) and hole injection layers (HIL) concerning HOMO and
LUMO levels of MAPbBr3 [28–33]. With a device architecture of ITO/ poly(N-
vinyl carbazole) (PVK)/MAPbBr3/TPBI/LiF/Al, the external quantum efficiency of
9.3% was achieved by n-butyl ammonium bromide additive into MAPbBr3 solu-
tion, which results in a delay in the growth of MAPbBr3 crystal results smooth,
dense and pinhole-free film with the roughness of 1 nm [28]. In another approach,
mixing of precursor solutions (PbBr2 + MABr and Pb(Ac)2-3H2O + MABr) which
can efficient passive micrometer crystal by nanometer crystal, Qin et al. demon-
strated self-passivating MAPbBr3 films toward very stable electroluminescence
of 49,119 cd/m2 with EQE = 11.31%. The device shows a lower turn-on bias
(1.9 V) which is comparatively lower than the bandgap of MAPbBr3 (Eg = 2.25 V)
in an LED architecture of ITO/PEDOT: PSS/MAPbBr3/TPBi/LiF/Ag [29]. Zhang
et al. improved the surface morphologies as well as passivate the MAPbBr3 film
by introducing phenethylamine (PEA) into the MAPBr3 solution. They observed
that the addition of PEA suppresses the exciton quenching at the ETL/perovskite
and perovskite/HTL interface, which results in maximum current efficiency of
9.81 cd/A−1 in ITO/LiF/MAPbBr3/LiF/Bphen/LiF/Al [30]. Using a π-Conjugated
Ligand (4-aminobenzonitrile(ABN)) ligand, MAPbBr3 film with nanosized with
reduced trap density was achieved [31]. In this unique approach, furthermore, a
maximum luminance of 3350 cd/m2 with an external quantum efficiency of 8.85%
was achieved by using an LED architecture of ITO/PEDOT:PSS/PVK/MAPbBr3-
ABN improved the performance of methylammonium lead bromide (MAPbBr3)-
based PeLEDs by reducing the MAPbBr3 crystal size to the nanoscale and reducing
the trap density.

4.3 X-ray Scintillators

MAPbBr3 can also use in x/γ detection for medical imaging, industrial inspection,
and astronomical telescopes. An enhanced X-ray sensitivity ∼529 μC·Gyair−1 cm−2
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was achieved under 80 kVp X-ray at an electric field of 50 V·cm−1 using aluminum
zinc oxide (AZO)/MAPbBr3 p–n junction structure [5] (Figs. 13, 14).

Fig. 13 a Steady-state PL (left) and absorption spectra (right) and b TRPL dynamics of the three
samples, recorded with excitation at 450 nm with 3 ns duration pulses and a repetition rate of 10 Hz
at a common carrier density of ∼1016 cm − 3. The detection is at the wavelength of the maximum
PL intensity [24]
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Fig. 14 The current density of MAPbBr3 layer with Au and AZO contacts with different X-ray
dose to optimize the performance of MAPbBr3 detectors, which have many potential applications
in medical and security detection with low radiation dose brought to the human body [5]

5 Summary/Conclusion

In summary, we have discussed the various synthesis and deposition methods of
MAPbBr3 perovskite films for different applications. The preparation methods
presented here can be helpful to fabricate highly stable and high performances
optoelectronics devices in the future.
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Chapter 2
Silicon Nanowires: A Magic Material
for Hybrid Solar Cells

Rabina Bhujel, Sadhna Rai, Utpal Deka, Joydeep Biswas,
and Bibhu P. Swain

1 Introduction

Crystalline Si has served an essential purpose in different solar cells due to its
outstanding optical and electrical properties to improve the power conversion effi-
ciency (PCE) of the solar cells. But, at the same time, the methods applied for the
preparation of crystalline Si solar cells require a high-temperature diffusion process
which is expensive at the same time. Therefore, it is complicated to reduce the price
of crystalline Si solar cells for its commercial applications. The cost of conventional
p–n junction can be reduced to some extent using a Schottky junction, which mainly
contains a metal-Si contact. However, the use of a thick Si absorbing layer in the
Schottky junction limits the PCE of the solar cell. The past studies show that the
replacement of bulk Si with SiNWs in the different Schottky junction solar cells
including the hybrid solar cell improves the PCE to the solar cell. SiNWs are one of
the most extensively studied materials by researchers all over the globe due to their
wide application in the fields of optoelectronics [1], photonics [2], and photovoltaic’s
[3]. It has also been an important material used in sensors [4], light-emitting diodes
[5] as well as in transistors [6]. The excellent light-absorbing properties of SiNWs
and their low cost make it an essential material in different types of hybrid solar cells.
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Fig. 1 Structure of Si

The synthesis procedure of SiNWs is very simple and cost-effective well-known as
electroless metal-assisted chemical etching (EMACE). Therefore, this book chapter
aims to study the importance of SiNWs in different hybrid solar cells.

2 Silicon and Its Structure

Silicon is a nonmetallic semiconducting element that belongs to the carbon family
in the periodic table. The atomic number of Si is 14 and is therefore tetravalent with
the electronic configuration of [Ne] 3s23p2. Si covers approximately 27.7% of the
earth’s crust; therefore, it is the second most abundant element on the earth. Silicon
in its purest form exists as a hard dark grey solid with a metallic luster. It has an
octahedral crystalline structure as shown in Fig. 1. The bandgap of Si is 1.12 eV and
is indirect.

3 Silicon Nanostructures

To reduce the excessive consumption of Si and to develop the properties of devices,
different structures of Si were produced like porous silicon, nanotubes, Si nanowires
(SiNWs), Si pyramids, Si quantum dots, etc. These nanostructures of Si have unique
properties which boost the device properties as compared to its bulk counterpart
(Fig. 2).
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Fig. 2 Different nanostructures of Si

3.1 Silicon Quantum Dots

The zero-dimensional structure of semiconducting Si is known as quantum dots
where the size of the nanoparticles lies in the range of 1–10 nm. SiQDs hold great
applicative potential in various devices such as light-emitting diodes, biosensors,
fluorescent biomarking agents, solar cells, etc. Depending upon the requirement the
optical as well as the electrical behavior, properties of SIQDs can be controlled by
varying the nanoparticle size, crystalline nature, and also by the doping of foreign
materials. The band-gap of crystalline Si in its bulk form has indirect nature which
yet gets converted into the direct form in the case of SiQDs where the size is less
than 5 nm.

3.2 Si Nanopyramids

Si Nanopyramids (both upright and inverted) have attracted research interests, due
to their excellent light trapping properties. Generally, Si pyramids are formed by the
alkaline etching of Si wafers or by the laser processes. The excellent antireflection
properties and a small surface area increase (1.7 times than the flat surface) resulted
in higher efficiency toward the Si solar cells.
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Fig. 3 Optical and SEM images of Si and SiNWs

3.3 Si Nanowires

Silicon Nanowires (SiNWs) is a one-dimensional structure of Si generally formed by
the etching of Si precursor or vapor–liquid phase growth on a substrate using different
catalysts like gold, silver, etc. The properties of Silicon nanowires are quite different
as compared to their bulk counterpart due to their unusual quasi-one-dimensional
electronic structure. Because of its one-dimensional nature, light trapping by SiNWs
is many folds greater as compared to bulk Si. The reflectance in SiNWs is as low as
3% within the wavelength range of 400–1100 nm. The use of SiNWs over Si favors
a reduction in material cost as well as increases the PCE of the solar cell, owing
to its extremely good electrical as well as optical properties. Over the other SiNWs
structure, SiNWs are highly favored because of their low cost synthesis procedure
and excellent light-harvesting properties. SiNWs also improve the electron mobility
path from the active interface to the electrodes for carriers. They also offer a large
contact area between two different materials (Fig. 3).

4 Techniques Utilized for the Growth of SiNWs

4.1 Electroless Metal Assisted Chemical Etching Method
(EMACE)

This is the easiest and cost-effective way for the production of SiNWs. The procedure
includes two main steps which are deposition of metal nanoparticles (Ag/Au/Pt/Ni)
on Si surface followed by the etching of the Si surface to get the desired product.
Both types of SiNWs (n & p) can be grown on Si wafers by using this technique.
The synthesis of SiNWs was started in 2002 when Peng et al. showed the large-scale
synthesis of SiNW arrays by the simple one-step etching of the Si wafer using a
solution containing HF and AgNO3 at room temperature. Since then various modi-
fications have been done to produce SiNWs in the best easy and cost-effective way
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Fig. 4 Synthesis of SiNWs via EMACE method

through this solution-based method. SiNWs with varying diameters and lengths can
be obtained by just changing the parameters of the materials used. The optimization
of the dimensions of SiNWs is possible for obtaining better performance regarding
the absorption of solar radiation (Fig. 4).

Studies have been made to understand the importance of metal catalysts such as
Ag,Au, Pt, andCuon the growth of SiNWsbymaintaining the reaction temperature at
50 °C.As studiedAgandAu’s catalystwas extremely good for obtaining highly dense
arrays of SiNWs [7]. Furthermore, the reflectance spectra of SiNWs grown using Ag
catalyst showed an extremely low average reflectance of 1.6% in the wavelengths
region of 300 to 1000 nm [8]. The SEM studies revealed that the SiNWs obtained
from EMACE are highly dense and agglomerated on the tip. This might affect the
properties of SiNWs. To overcome this problem Gong et al. [9] came up with a new
idea of tapering SiNWs in a 30% NaOH solution. The SiNWs obtained after NaOH
tapering had needle-like structures. The main motive of this tapering was to avoid the
tip agglomeration such that the polymers get well dispersed on the SiNWs surface.
SiNWs can also be prepared using Sn as the metal catalyst [10]. The obtained SiNWs
have reflectance lower than 5% in the wavelength region of 500 nm (Fig. 5).

4.2 Lithography Followed by Etching

This is one of the oldest techniques of depositing different metal nanoparticles on
Si surface which then acts as a catalyst for the growth of SiNWs. This technique is
mainly used for the large-scale manufacture of SiNWs. As reported earlier by Peng
et al. [7] colloidal Si particles were deposited first by lithography which was further
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Fig. 5 Techniques utilized for SiNWs synthesis

etched to produce the desired SiNWs.They also reported that the change in the size
of colloidal silica crystals affects the diameter and density of the SiNWs. Moreover,
Si nanopillars were obtained using this technique where at first Ag colloidal parti-
cles were deposited on the Si surface which mainly acts as a catalyst [11]. The Ag
patterned Si wafer was then wet etched to produce the nanopillar arrays (NPAs). The
length of NPAs was 2.2 µm and the diameter was 180–325 nm. The other method
utilized the use of gold nanomesh which acts as a mask to etch the Si substrate. Fedja
et al. studied that the length and diameter can also vary with the etching rate [12].

4.3 Vapor–Liquid-Solid (VLS) Technique

This technique includes the growth of high-quality SiNWs as they are prepared
inside a CVD reactor. The other quality includes the dense and crystalline structure
of SiNWs. VLS technique also prefers using catalysts such as Ag, Au, Cu, Sn, or Al
metal nanoparticles. The commonly used precursor gases are Silane or Si tetrachlo-
ride. Inside the reaction chamber of the CVD instrument, various reactions between
the reactor material and the precursor gas take place which results in the growth of
a thin layer of vertically aligned SiNWs. The CVD reactor used can either be an
atmospheric pressure chemical vapor deposition (APCVD) or a plasma-enhanced
chemical vapor deposition (PECVD) instrument. The past studies revealed that the
growth velocity affects the SiNWs parameter. When that was taken in the range
of 10–2-103 nm min−1 SiNWs with different diameters and lengths were obtained.
VLS technique can be separated into several categories depending on the reaction
conditions and the precursor used. Later on, it was studied that hetero-structural
NiS/SiO2 nanowire/nanotubes (NW/NTs) can be prepared using an APCVD reactor.
The average diameter of the obtained nanostructure was 50 nm while the length was
10 mm [13]. Swain et al. [14] reported the synthesis of SiNWs by sputtering Au on
Si substrate. The deposition of Au was then executed at a temperature of 700 °C for
about 1–3 h in an APCVD reactor. The deposition of SiNWs was further executed
using a low-pressure chemical vapor deposition (LPCVD) reactor. The diameter of
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the SiNWs was less than 3 nm. The precursor and the carrier gas used for the growth
of SiNWs are mostly SiH4 and H2 respectively [15]. Yu et al. showed that the produc-
tion of SiNWs is also possible by using Bi as the catalyst. They also studied that
parameters like the length and diameter of SiNWs are completely dependent on the
size of Bi particles [16].

4.4 Oxide Assisted (OA) Growth of SiNWs

This technique utilizes the growth of SiNWs using oxides and not the costly metal
catalysts. The SiNWs obtained are pure and free frommetal impurities. It is a method
used to grow pure SiNWs using oxides instead of metals as a catalyst. In this tech-
nique, oxide plays a key role and permits the large-area growth of SiNWs with
controlled dimensions. The carbothermal evaporation OAG method was used by
Hutagalung et al. [17] to obtain SiNWs with a diameter in the range of 10–90 nm.
The reaction was performed at a furnace temperature of 110 °C for about 6 h. The
obtained SiNWs were vertically aligned and had crooked structures. Mainly, inside
the reactor, the Si substrate and the source material are placed at least 12 cm away.
Davenas et al. [18] produced SiNWs with a diameter of < 20 nm and length of
10 µm using an OAG technique. The mechanism of SiNWs growth was dependent
on a dismutation reaction of silicon monoxide at 1200 °C. No catalyst was used in
this procedure.

5 SiNWs Hybrid Solar Cell -Basic Principle

The essential components of SiNWs hybrid solar cell are n-type SiNWs, the inor-
ganic component of the solar cell, and conducting polymers consisting of the organic
part. When the sunlight of a particular wavelength is incident on the SiNWs hybrid
solar cell, the electron excitation takes place from the valence shell to the conduc-
tion band (CB) and becomes free. These highly energetic electrons then diffuse and
some of them reach the junction where they get accelerated by an inbuilt Galvanic
potential. This process generates electromotive force due to which the light energy
gets converted into electrical energy. The electron that reaches the CB of SiNWs is
being injected by the electrons present in the LUMO of organic conducting poly-
mers. Thus, the energy level matching of the organic conducting polymers and the
semiconductor is essential. It is considered that the lowest occupied energy level
(LUMO) of the organic conducting polymers has to be at least 0.16 eV higher than
the CB of the n-type semiconductor to facilitate electron transfer to the CB from the
LUMO.

The generation of photocurrent mainly includes four steps as illustrated in Fig. 6
(1) absorption of solar radiation, (2) electron hole-pair generation and its separation
in a p–n junction, (3) diffusion of charge carriers (holes and electrons) in an n-type l
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Fig. 6 The basic structure of a solar cell

and p-type semi-conductionmaterial and finally (4) circuit completion at rear contact.
Among the above four steps, step 1 and step 2 are important where light absorption
and electron–hole pair generation occur in the p–n junction [4].

The expression showing the relationship between current density and the applied
voltage is given by

J = Jph − J0

[
exp

{
q(V + J Rs)

nKBT

}
− 1

]
− V + J Rs

Rsh
(1)

where Jph is photocurrent density which depends upon various factors such as prop-
erties of the materials used, device structure, the power of incident light, etc., J0
stands for reverse saturation current density, q corresponds to the electronic charge,
V is applied voltage, KB stands for Boltzman’s constant, Rs is series resistance,
T is absolute temperature, and Rsh is the shunt resistance. The practically studied
solar cell model shows J contains both series and shunt resistance as shown by the
equivalent circuit model with resistance. From this circuit diagram, it is clear that the
diode is connected in parallel with Jph and Rsh and is connected in series with Rsh .
The last term in the equation is called shunt current, which depends on the values of
both of the resistances (Fig. 7).

The open-circuit voltage (Voc) of the solar cell is described as the voltage without
the current flow (J = 0). Again Voc is obtained as given below [19]
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Fig. 7 Circuit diagram of a photovoltaic device

Voc = KBT

q
ln(

Jph
J0

+ 1) (2)

Finally, the fill factor (FF) of the solar cell is obtained as given below

FF = PMax

Voc × Jsc
(3)

It can be defined as the ratio of PMax to the product of Voc and Jsc. PMax is the
maximum power generated from the solar cell. The FF is highly affected by the value
of the resistance. FF increases proportionally with the increase in the value of Rsh

while decreases with the rise in the value of Rs .
Finally, the power conversion efficiency of a solar cell can be obtained by the

equation given below

E f f iciency(η)% = Voc × Jsc × FF

Pin
(4)

where Jsc is short circuit current density and Pin is the power input. The schematic
of the J-V characteristic curve of a solar cell is shown in Fig. 8. It has been observed
from Eq. (4) that the efficiency of a solar cell is directly related to FF, Voc and Jsc.

6 Recombination Loses

The generated electron–hole pair remains separated and mobile for a very short
period after which they return to the lowest energy state by the process called recom-
bination. During the recombination process, the separated electrons and holes again
recombine by emitting some amount of energy in terms of photons or phonons. The
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Fig. 8 J-V characteristic
curve of a solar cell

process of recombination is further divided into three main categories: (i) Radia-
tive recombination, (ii) Auger recombination, and (iii) Shockley–Read–Hall (SRH)
recombination. The different types of recombination processes are shown in Fig. 9

In the radiative recombination process band to band, recombination takes place.
The electrons residing in the CB and the holes in the VB combine and emit a
photon. This type of recombination process takes place mostly in the direct bandgap
semiconductors.

The Auger recombination process contains three carriers. In this process, the
energy emitted by the recombination of the charge carriers is captured by the third
carrier. This type of recombination is responsible for reducing the lifetime and effi-
ciency of a solar cell device and only takes place in impure and defective materials.
The SRH recombination process takes place in two different steps. In the first step,
the electrons or holes are trapped in the forbidden energy level introduced due to
the defects present in the crystal system. In the next step, the hole or electron gets
excited to the same energy levels just before the electrons get thermally re-emitted

Fig. 9 Types of
recombination that takes
place in a solar cell
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into the conduction band and then the recombination occurs. All of the recombina-
tion processes explained above limit the lifetime of charge carriers. The generated
electron–hole pair is lost due to these recombination processes and hence no power
is generated by the solar cell device.

7 SiNWS Hybrid Solar Cell State of Art

The excellent electrical optical andphysical properties of SiNWsmake it an important
material for different types of solar cells. As reported by the earlier research, SiNWs
Hybrid solar cells are mainly separated into two classes based on the type of junction
(i.e. axial and radial). In the radial junction solar cells, the charge travels radially
from the center of the SiNWs to the surrounding of the solar cell, while in axial
junction SiNWs hybrid solar cell the charge progresses longitudinally along the
SiNWs. Solar cells are mainly designed in a way to separate the charge carriers as
much as possible, but thermalization forces the electrons and holes to recombine and
thus fails to collect the charges at the opposite ends of the solar cell. The minority
charge carrier collection capability of the solar cells depends on the diameter of
the NWs. The diameter of the SiNWs is as small as the diffusion length where the
charge separation and collection takes place such that more minority carriers can
be collected. If compared the radial junction with the axial junction hybrid solar
cell then in radial junction hybrid solar cell the charge carrier collection distance is
less and compared to the diffusion length of minority carriers. Therefore, the radial
junction ismore favored over the axial junction in solar cells. The excellent properties
of the radial junction solar cell include excellent charge separation, low reflection,
relaxation in interfacial strain, and above all the minimum reflectivity (Fig. 10).

Fig. 10 Different types of SiNWs/organic heterojunction
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8 Inorganic Heterojunction SiNWs Solar Cells

Heterojunction SiNWs solar cell is prepared by combining another inorganic mate-
rial with SiNWs such that the overall solar cell efficiency is improved. These types
of structures can either be obtained by growing SiNWs on bulk Si substrate or by
passivation of some inorganic layer on the SiNWs by CVD technique. The incorpo-
ration of SiNWs in the solar cell increases the surface area so as the recombination
rate. Therefore the surface of the SiNWs should be passivated evenly by the proper
coating of the Si–H layer.

Leontis et al. [20] reported the fabrication of n-type SiNWs for its application
in c-Si solar cells. The reflectivity of the SiNWs was comparatively lower than the
random Si nanopyramids used in other conventional c-Si solar cells. They have also
shown a comparative study between the bulk Si solar cell and SiNWs solar cell. It
was observed that SiNWs solar cell obtained a 45% increase in efficiency than the
bulk Si solar cell. Jia et al. fabricated core–shell TCO/a-Si/Si nanowires (SiNWs)
heterojunction solar cells and obtained an efficiency of 7.29% at AM1.5 [21]. The
improvement of the solar cell efficiency was attributed to the formation of a-Si/Si
nanowires radial heterojunction and also the use of a three-step cleaning procedure
of SiNWs which might deteriorate the performance of the solar cell.

9 Organic/Inorganic SiNWs Hybrid Solar Cells

9.1 SiNWs/PEDOT:PSS Hybrid Solar Cell

A combination of inorganic and organic parts consisting of a p–n junction is called
a hybrid solar cell. In the SiNWs/PEDOT:PSS hybrid solar cell the inorganic part is
composed of thin and vertically aligned SiNWs, while the organic part consists of
PEDOT:PSS. The excellent light trapping of SiNWs reduces the cost of solar cells
by using a very thin absorber layer of bulk Si. Although the current research shows
the highest efficiency of 17.4% for the bulk Si/PEDOT:PSS it is not practical to
use a large piece of bulk that leads toward the high cost of hybrid solar cells [22].
Therefore SiNWs are a brilliant replacement of bulk in a hybrid solar cell that claims
to obtain higher efficiency at a very reasonable cost. The efficiency of hybrid solar
cells can reach up to 13.11% using SiNWs in SiNWs/PEDOT:PSS solar cell Yu et al.
[23]. It was also analyzed that compared to the pristine SiNWs, the SiNWs with
the lowest reflectivity showed better performance. Recently, various attempts have
been made by researchers across the globe to achieve better solar cell efficiency for
the SiNWs/PEDOT:PSS hybrid solar cells. A better-performance and cost-effective
hybrid radial junction solar cellwere fabricated using n-type SiNWs andPEDOT:PSS
[24]. The hybrid solar cell with the NWs length of 0.57 mm showed the best cell
performance having a PCE of 9.3%. The incorporation of AgNPs in SiNWs also
showed some improvement toward the solar cell performance, due to the plasmonic
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Fig. 11 SiNWs hybrid solar cell

backscattering effects of AgNPs on the back surface, leading to an overall improve-
ment in PCE compared to similar devices with SiNWs without AgNPs [25]. Further-
more the incorporation of rGO in the SiNWs/PEDOT:PSS hybrid solar effectively
increases the PCE. The excellent properties of rGO combined with PEDOT:PSS help
an easy movement of the charge carriers [26] (Fig. 11).

9.2 SiNWs/P3HT:PCBM Hybrid Solar Cell

In this type of SiNWs hybrid solar cell, the organic conduction material is poly(3-
hexylthiophene:phenyl-C61-butyric acid methyl ester (P3HT:PCBM) and the inor-
ganic part is SiNWs. It has been observed by the past studies that SiNWs combined
with P3HT:PCBM conducting polymer obtained an efficiency of 1.21 to 1.91% with
the current densities of 7.17 to 11.61 mA/cm2 [27]. Eisenhawer et al. fabricated a
hybrid solar cell with SiNWs/P3HT:PCBM heterojunction. The solar cell showed a
very good efficiency of 4.2%. In this case, the SiNWs were produced by the VLS
growth technique using Au catalyst in a UHV CVD reactor [28]. This solar cell
obtained an improvement of 10% as compared to that of the pristine solar cells
without nanowires. The improvement in solar cell performance was the result of an
enhanced electron transport mechanism forced by silicon nanowires. The effect of
SiNWs purity on hybrid solar cell performance was also studied. Jeon et al. reported
that after performing the HF and HCl treatment on SiNWs the efficiency of the
SiNWs/P3HT:PCBM hybrid solar cell was improved from 0.35 to 1.5%. The result
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shows the significance of acid treatment on SiNWs for obtaining better solar cell
efficiency [29].

9.3 SiNWs/Other Polymer Heterojunction Solar Cells

To obtain better efficiency, various types of organic conducting polymers were
combined with SiNWs to fabricate a hybrid solar cell. These attempts made by
different groups only helped to improve the result. Different types of inorganic and
organic heterojunctions were prepared like PEDOT:PSS/P3HT: SiNWs by Devenasa
et al. SiNWs in this case were grown by VLS technique without using a catalyst. The
as-obtained solar cell showed an open-circuit voltage of 0.68 V [18]. The other
combinations include PEDOT:PSS/SiNWs:PVK and PEDOT:PSS/SiNWs:MEH-
PPV. Dkhil et al. studied the photovoltaic effect of the above-mentioned solar cells
and found that SiNWs:PVK nanocomposite solar cells showed better results than
MEH-PPV solar cells [30]. Later on He et al. reported the fabrication of a hybrid
solar cell based on silicon nanorods (SiNRs) and an organic semiconductor named
Spiro-OMeTAD [31]. The device showed an efficiency of 10.3% with an area of 1
cm2. The length of the SiNWs was 0.35 µm. Chehata et al. combined the MEH-PPV
polymer matrix with SiNWs to produce a hybrid heterojunction solar cell [15]. The
optimization of the SiNWs amount was done for obtaining better solar cell perfor-
mance. The optimum composition of MEH-PPV: SiNWs was 1:2 to obtain a PCE of
5.6%.

10 Conclusion

SiNWs are one of the most widely studied materials in hybrid solar cells owing to
their exceptional electrical and optical properties. The one-dimensional nature of
SiNWs improves the electron mobility pathway due to the confinement of electrons
in a particular direction. SiNWs are reported to have an excellent light-harvesting
property which is beneficial for solar cells. Moreover, by changing the length and
diameter of SiNWs, it is possible to tune the bandgap, which is another advantage
for solar cells. Considering the cost, hybrid solar cells prepared by SiNWs are far
more cost-effective than Si solar cells. In Si solar cells thick wafer of Si is used which
makes it costly, while in SiNWs solar cells a small Si wafer is required to produce
the same amount of PCE to the solar cells. Therefore, it is logical that SiNWs are a
magic material for solar cells.



2 Silicon Nanowires: A Magic Material for Hybrid Solar Cells 35

References

1. Dixit S, Shukla AK (2018) Optical properties of lonsdaleite silicon nanowires: a promising
material for optoelectronic applications. J Appl Phys 123:224301

2. BrönstrupG, Jahr N, Leiterer C, Csäki A, FritzscheW, Christiansen S (2010) Optical properties
of individual silicon nanowires for photonic devices. ACS Nano 4:7113–7122

3. Peng KQ, Lee ST (2011) Silicon nanowires for photovoltaic solar energy conversion. Adv
Mater 23:198–215

4. Park I, Li Z, Pisano AP, Williams RS (2010) Top-down fabricated silicon nanowire sensors for
real-time chemical detection. Nanotechnology 21

5. Katiyar AK, Sinha AK, Manna S, Ray SK (2014) Fabrication of Si/ZnS radial nanowire
heterojunction arrays for white light-emitting devices on Si substrates. ACS Appl Mater Interf
6:15007–15014

6. Cui Y, Zhong Z, Wang D, Wang WU, Lieber CM (2003) High-performance silicon nanowire
field-effect transistors. Nano Lett 3:149–152

7. Peng K, Zhang M, Lu A, Wong NB, Zhang R, Lee ST (2007) Ordered silicon nanowire arrays
via nanosphere lithography and metal-induced etching. Appl Phys Lett 90:28–31

8. Bai F, Li M, Huang R, Li Y, Trevor M, Musselman KP (2014) A one-step template-free
approach to achieve tapered silicon nanowire arrays with controllable filling ratios for solar
cell applications. RSC Adv 4:1794–1798

9. Moiz SA, Alahmadi ANM, Aljohani AJ (2020) Design of silicon nanowire array for PEDOT:
PSS-silicon nanowire-based hybrid solar cell. Energies 13:3797

10. Jeon M, Kamisako K (2009) Synthesis and characterization of silicon nanowires using tin
catalyst for solar cells application. Mater Lett 63:777–779

11. Wang HP, Lai KY, Lin YR, Lin CA, He JH (2010) Periodic Si nanopillar arrays fabricated by
colloidal lithography and catalytic etching for broadband and omnidirectional elimination of
fresnel reflection. Langmuir 26:12855–12858

12. Wendisch FJ, Rey M, Vogel N, Bourret GR (2020) Large-scale synthesis of highly uniform
silicon nanowire arrays using metal-assisted chemical etching. Chem Mater

13. Ge JP, Wang J, Zhang HX, Li YD (2004) A general atmospheric pressure chemical vapor
deposition synthesis and crystallographic study of transition-metal sulfide one-dimensional
nanostructures. Chem A Eur J 10:3525–3530

14. Swain BS, Swain BP, Hwang NM (2010) Investigation of electronic configuration and plasmon
loss spectra in Au-catalyzed silicon nanowire networks. J Appl Phys 108:1–7

15. Chehata N, Ltaief A, Ilahi B, Salam B, Bouazizi A, Maaref H, Beyou E (2014) Improved
photovoltaic performance of silicon nanowires/conjugated polymer hybrid solar cells. Synth
Met 191:6–11

16. Yu L, Fortuna F, O’Donnell B, Jeon T, Foldyna M, Picardi G, Roca I Cabarrocas P (2012)
Bismuth-catalyzed and doped silicon nanowires for one-pump-down fabrication of radial
junction solar cells. Nano Lett 12:4153–4158

17. Hutagalung SD, Yaacob KA, Aziz AFA (2007) Oxide-assisted growth of silicon nanowires by
carbothermal evaporation. Appl Surf Sci 254:633–637

18. Davenas J, Ben DS, Cornu D, Rybak A (2012) Silicon nanowire /P3HT hybrid solar cells:
effect of the electron localization at wire nanodiameters. Energy Proc 31:136–143

19. Fonash SJ (2010) Solar cell device physics. Sol Cell Device Phys. https://doi.org/10.1016/
C2009-0-19749-0

20. Leontis I, BotzakakiMA,Georga SN,NassiopoulouAG (2018) Study of Si nanowires produced
by metal-assisted chemical etching as a light-trapping material in n - type c - Si solar cells.
ACS Omega 3:10898–10906

21. Jia G, Steglich M, Sill I, Falk F (2012) Solar energy materials & solar cells core—shell
heterojunction solar cells on silicon nanowire arrays. Sol Energy Mater Sol Cells 96:226–230

22. Zielke D, Niehaves C, Lövenich W, Elschner A, Hörteis M, Schmidt J (2015) Organic-silicon
solar cells exceeding 20% efficiency. Energy Proc 77:331–339

https://doi.org/10.1016/C2009-0-19749-0


36 R. Bhujel et al.

23. Liu Z, Wang H, Fung M, Lee C (2013) Low-cost solar cell based on a composite of silicon
nanowires and a highly conductive nonphotoactive polymer. Chem Eur J, 17273–17276

24. SatoK,DuttaM, FukataN (2014) Inorganic/organic hybrid solar cells: optimal carrier transport
in vertically aligned silicon nanowire. Nanoscale 11:6092–6101

25. SharmaM,Pudasaini PR,Ruiz-zepedaF,ElamD,AyonUltrathinAA(2014)Flexible organic—
inorganic hybrid solar cells based on silicon nanowires and PEDOT : PSS. ACS Appl Mater
Interf 6:4–11

26. Bhujel R, Rai S, Deka U, Sarkar G, Biswas J (2021) Bandgap engineering of PEDOT : PSS /
rGO a hole transport layer for SiNWs hybrid solar cells. Bull Mater Sci 0123456789

27. Huang J, Hsiao CS Chao, Lin C (2009)Well-aligned single-crystalline silicon nanowire hybrid
solar cells on glass. Sol Energy Mater Sol Cells 93:621–624. https://doi.org/10.1016/j.solmat.
2008.12.016

28. Eisenhawer B, Sensfuss S, Sivakov V, Pietsch M, Andr G (2011) Increasing the efficiency of
polymer solar cells by silicon nanowires, pp 315401. https://doi.org/10.1088/0957-4484/22/
31/315401.

29. Jeon T, Geffroy B, Tondelier D, Yu L, Jegou P, Jousselme B, Palacin S, Roca P, Bonnassieux Y
(2012) Solar energy materials & solar cells effects of acid-treated silicon nanowires on hybrid
solar cells performance. Sol Energy Mater Sol Cells 1–6

30. Ben DS, Bourguiga R, Davenas J, Cornu D (2012) Influence of the polymer matrix on the
efficiency of hybrid solar cells based on silicon nanowires. Mater Sci Eng B 177:173–179

31. He L, Jiang C, Lai DH, He L, Jiang C, Lai D, Wang H (2011) Highly efficient
Si-nanorods/organic hybrid core-sheath heterojunction solar cells Highly efficient Si-
nanorods/organic hybrid core-sheath heterojunction solar cells. Appl Phys Lett 021104:2011–
2014

https://doi.org/10.1016/j.solmat.2008.12.016
https://doi.org/10.1088/0957-4484/22/31/315401


Chapter 3
Lead-Free Dielectrics:
A State-Of-The-Art for Green Energy
Storage

Swetapadma Praharaj and Dibyaranjan Rout

1 Introduction

With greater advancements in science and technology, the lifestyle and lifespan of
the human race are improving which has lead to problems like overpopulation and
excessive use of energy. A survey speaks that the global energy consumption has
increased from 54,207 TWh in 1973 to 111,125 TWh in 2016 [1] and is expected
to increase much more in the future. The present demands for energy probably
arise from higher living standards, reduction in poverty, and decreasing mortality
rates. As per a review published by Robert Rapier in Forbes magazine in June 2020,
fossil fuels including coal, natural gas, and petroleum cater to at least 84% of world
energy needs [2]. Not only it is creating global warming and air pollution but also
leading to the fast depletion of fossil fuels. Hence there is an urgent surge to shift
our energy dependence from fossil fuels to cleaner and greener renewable sources
such as solar, wind, tidal, geothermal, etc. However, most of the renewable sources
are intermittent which poses challenges in harnessing them as and when needed.
Conversion of renewable energy into other reliable forms (usually electricity) might
be one of the feasible solutions to overcome the above-mentioned insecurities by
implementing efficient and reliable electrical energy storage systems. Several energy
storage technologies such as batteries, solid oxide fuel cells (SOFC), electrochemical
capacitors (ECs), flywheels, superconducting magnetic energy storage (SMES), and
electrostatic/dielectric capacitors have brought a path-breaking revolution in this area
of interest. Though all of these systems are quite efficient, none of them fulfill the
conditions of both high energy density and power density simultaneously. Ragone
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Fig. 1 Ragone plot comparing different energy storage devices: electrostatic capacitors, supercon-
ducting magnetic energy storage systems (SMES), electrochemical capacitors, flywheels, batteries,
and solid oxide fuel cells (SOFCs) [3]

plot (Fig. 1) seems to be useful and is widely used in benchmarking the performance
of the presently known energy storage devices based on a relative graph between
energy density and power density.

While batteries and fuel cells demonstrate high energy density and low power
density, dielectric capacitors exhibit contrasting features. Meanwhile, ECs possess
medium energy and power density but suffer from large leakage current (~mA), low
operating voltage (<3 V) and involves a high cost (9500 USD/kWh) [4, 5]. Dielectric
capacitors are found to be most suitable for cost-effective, high voltage, and large-
scale applications with their unique properties of faster charge–discharge rates (~ns)
and fairly good power density (up to 108 W/kg). Such unique properties make them
appropriate for super high power electronic systems such as medical defibrillators,
electrical weapons, spacecraft, satellites, hybrid electric vehicles as shown in Fig. 2.
They occupy almost 25% of the volume andweight of portable and power electronics
as well as pulsed power systems.

One of the disadvantages of the dielectric capacitors is relatively low energy
density as shown in Fig. 1. Thus it is very important to elevate the energy density of
the dielectric materials used in capacitors as it will enhance the volumetric efficiency
of the devices benefitting the miniaturization and easy integration of consumer elec-
tronics. For most of these applications, we rely on lead-based materials due to their
unsurpassed performances which have inevitably invited environmental concerns.
Blindly addressing the energy issues by neglecting lead emission would be accom-
panied by secondary damage to the mother earth. To plausibly elevate the energy
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Fig. 2 Various applications of dielectric capacitors as energy storage devices

crisis without secondary Pb pollution, lead-free dielectric could be possibly the best
solution for energy storage capacitors. In this chapter, we would draw the attention of
the readers to the importance of lead-free dielectric materials from a capacitor point
of view and record the probable measures of enhancing their storage performance.

2 Fundamentals of Dielectric Energy Storage in Capacitors

A typical dielectric capacitor is designed by sandwiching a dielectric layer between
two conductive metal plates (e.g., Ag, Au, or Pt) as electrodes. The energy storage
capability of the dielectric layer is determined in terms of capacitance given by the
basic equation:

C = ε0εr A

d
, (1)

where ε0 is the dielectric permittivity of free space (8.85 X 10–12 F/m); εr is the
relative permittivity (or dielectric constant) of the dielectric material; A denotes
the overlapping area of both the electrodes, and d is the thickness of the layer. The
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capacitance is independent of the potential difference between the plates and charges
stored on it but depends only on the geometry of the capacitor and the permittivity
of the dielectric layer.

On applying an external voltage V, positive and negative charges start accumu-
latingon the plateswhich are conventionally knownas the chargingprocess.Charging
creates an internal electric field that is opposite in direction to the externally applied
field. Piling up of the charges on the capacitor plates leads to an increase in the
internal field and finally this process ends up when the internal electric field comes
at par with the applied field. Supposing that charges +Q reside on the capacitor
plate, then the capacitance is given by Q/V. Many a time it is found that the relative
permittivity of the dielectrics is affected by the external bais which in turn alters the
capacitance. In such cases, capacitance may be expressed in terms of incremental
variation:

C = dq

dv
(2)

During the charging process, work is done by the applied field in moving the
charges and hence electrostatic energy is stored is dielectric and can be calculated as

W =
∫ Qmax

0
Vdq, (3)

whereQmax is themaximum stored charge and dq is the incremental change in charge
stored.

One of the salient figures of merit for energy storage dielectric capacitors is the
total energy density (J) defined as energy stored per unit volume and is expressed as

J = W

Ad
=

∫ Qmax

0 Vdq

Ad
=

∫ Dmax

0
EdD, (4)

where D refers to the electric displacement in the dielectric layer under the corre-
sponding electric field E. In the case of dielectrics with high relative permittivity, the
electric displacement D(= ε0εr E) is very close to the polarization P. Hence Eq. (4)
may be rewritten as

J =
∫ Pmax

0
EdP =

∫ Emax

0
ε0εr EdE (5)

Here Emax is the maximum electric field induced by the charges accumulated
during the charging process.

The actual charge stored is usually determined by Jres (recoverable energy density)
rather than J and is illustrated as



3 Lead-Free Dielectrics: A State-Of-The-Art … 41

Jrec =
∫ Pmax

Pr

EdP (6)

The energy storage efficiency for the dielectric material can be calculated as

η = Jrec
J

(7)

The above equations signify that both J and Jrec can be derived from polarization
versus electric field (P – E) loops [6] as shown in Fig. 3a-f.

In the figure, we highlight four types of dielectric materials. The first category
is linear dielectric in which the permittivity is independent of electricity due to the
absence of domain structure. Hence Eq. (5) reduces to

Fig. 3 a Switching of ferroelectric domains during the charge–discharge cycle; b Schematic of
energy storage density (ESD) and efficiency (η) shown in P–E loop; c-f Schematic of ESD and
loss in linear dielectric (LD), ferroelectrics (FE), relaxor ferroelectrics (RFE) and antiferroelectrics
(AFE) respectively; g Basic circuit for measuring discharge energy density; h Discharge energy
density and current as a function of time [7]



42 S. Praharaj and D. Rout

J = 1

2
ε0εr E

2 (8)

The second group refers to the ferroelectric materials (FE) which have a well-
defined domain structure. The most typical feature of this group of materials is the
existence of a non-linear relationship between polarization and electric field giving
rise to a square hysteresis loop. This is caused by the switching of the domain
polarization direction with the direction and magnitude of the applied field. As such
growth, disappearance, and domain wall displacements greatly influence the struc-
ture and electrical properties of ferroelectric materials, the third and fourth cate-
gories consisting of relaxor ferroelectrics (RFE) and antiferroelectrics (AFE) are
both subgroups of FEs. Relaxor ferroelectrics containing polar nano regions (PNRs)
show the ease of domain/domain wall motion leading to slimmer P–E loops and
enhanced energy storage density. RFEs exhibit a unique feature of diffuse phase
transition which ensures better thermal stability [8]. On the contrary, in the case of
AFEs polarization and electric field follow a linear relationship below a certain crit-
ical electric field Ec. However, the loop becomes non-linear above Ec. The existence
of two sets of lattice structures with opposite polarization directions in antiferro-
electric leads to double P–E loops. Such a peculiarity is responsible for high energy
storage density for AFEs.

The above-discussed methodology of ascertaining the energy storage density is
often referred to the as quasistaticmethod. There is yet another approach tomeasuring
the storage density called the dynamic method. In this procedure, the discharged
energy density is derived from charge–discharge measurements. At first, a capacitor
with the sample dielectric is charged by the applied external bias, and charges are
storedon the capacitor plates. Then the samecapacitor is allowed to discharge through
an appropriate load resistor RL. All this is carried out in a simple switching circuit
(MOSFET is used as the electronic switch) as shown in Fig. 3g. If I(t) and V (t) are
the voltage and currently recorded inRL at any instant of time t during the discharging
process, then the discharged energy density is (Jdis) is given by

Jdis =
∫
RL I 2(t)dt

Vvol
=

∫
V 2(t)dt

RLVvol
, (9)

where Vvol refers to capacitor volume. It is important to note that RL>> equivalent
series resistor of the capacitor so that maximum stored energy can be delivered to
the load resistor and the estimated discharge energy density is almost equal to the
stored energy density [9]. Nevertheless, the energy density (in the dynamic method)
is determined by calculating the integrated area in theP–E loop and is oftenmore than
that obtained by the charge–discharge method [10, 11]. Such kind of inconsistency
may be ascribed to diverse mechanisms of P–E loops and dynamic discharge current
at different frequencies [11, 12]. It is a usual practice to measure the P–E loops under
low frequencies, i.e., on a scale of milliseconds. On the other hand, charge–discharge
measurements are carried out on a microsecond scale. At higher frequencies of an
electric field, domains/domain walls are clamped due to which their switching is
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hindered leading to more energy loss. This phenomenon is more pronounced in the
case of materials with macro-sized domain structure, i.e., FE and AFE. However
curbing the domain size to nano-level (as in the case of RFE) facilitates faster and
easier domainwallmotion reducing the energy loss to a greater degree [13].Hence the
charge–dischargemethod ismore suitable for assessing the performance of capacitors
used in pulse power applications where they need to release the stored energy in the
shortest possible time. Maximum current Ipeak during the discharging process and
t0.9 (Fig. 3h) representing the 90% of discharge time are generally employed to
characterize the energy storage capabilities of capacitors for high power and pulse
power applications under a given load resistor [13–15]. Besides, P–E loop method is
appropriate for estimating the performance of thematerial itself since the domains can
switch their polarization direction fairly well under low-frequency measurements.

Apart fromenergy density, there are fewother application-orientedfigures ofmerit
for capacitor materials include power density and dielectric breakdown strength (for
high pulse power capacitors); ripple current capability, equivalent series resistance,
and RC constant (for coupling capacitors).

3 Energy Storage in Lead-Free Materials: Bulk to Nano

3.1 Ferroelectrics

Ferroelectrics are materials featured by a finite polarization even in the absence of an
external electric field. This polarization switches reversibly between two stable states
depending on the direction of an applied field. These localizations of different polar-
ization co-exist inside the FE materials are conventionally known as FE domains
[16]. The switching behavior of the ferroelectric domains is studied experimentally
with the help of P–E loops giving rise to the fingerprint square hysteresis loop. FEs
with high dielectric permittivity are often associated with high dielectric loss and
large remnant polarization yielding low values of recoverable energy density and
dielectric breakdown strength. Thus it can be said that conventional ferroelectrics
are not quite appropriate for energy storage. However, in recent times, many modi-
fications have been proposed by different researchers to improve the energy storage
capability of classical ferroelectrics. Some of the potential lead-free candidates iden-
tified in this regard include BaTiO3 (BT), SrTiO3 (ST), Na0.5Bi0.5TiO3 (NBT), and
BaTiO3-BiMeO3 (BT-BMe) based systems.

Barium titanate (BT) is one of the typical perovskite materials exhibiting an
optimum dielectric permittivity along with outstanding ferroelectric properties. At
the same time, it possesses a lowCurie temperature and substantial remnant polariza-
tion which are not beneficial from an energy storage point of view. Efforts have been
made in the past by some researchers to augment the properties of BT by using other
ions as dopants. Substitution of Ca2+ at the A-site of the perovskite (Ba0.7Ca0.3TiO3)
gives a comparatively higher recoverable energy density of 1.41 J/cm3 which is 40%
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greater than pristine BT and moderate energy efficiency of 61% [17]. Similarly, the
substitution of Zr4+ (existing only in one valance state) at the B-site which is already
occupied by multivalent Ti ions (Ti3+ and Ti4+) reduces the loss factor to a great
extent by minimizing the electron hopping conduction between Ti3+ and Ti4+ [18].
Materials considered to be ideal for energy storage are often expected to be associ-
ated with high dielectric breakdown strength. Reducing the porosity and grain size
with uniform grain size distribution may prove to be advantageous in such cases.
In one of the research works, Ba0.4Sr0.6TiO3 (a derivative of BT) was sintered in
O2 atmosphere to reduce the grain size down to 0.44 μm. sintering in O2 forbids
the creation of oxygen vacancies inhibiting grain growth. Breakdown strength of
16.72 kV/mm, the energy storage density of 1.0081 J/cm3, and efficiency of 73.78%
were achieved under this condition [19]. Sodium bismuth titanate or Na0.5Bi0.5TiO3

(NBT) is another potential ferroelectric but a high remnant polarization (~39μC/cm2)
and large leakage current hinder its energy storage performance. Several investi-
gations have been focused on the development of NBT-based solid solutions and
composites to improve their storage capability. Yao et al. [20] improved the storage
properties of 0.9(0.94NBT-0.06BT)-0.1NaNbO3 by introducing ZnO as a dopant.
Zn2+ ions in the B-site greatly boosted the dielectric constant (3218 at room temper-
ature and 1 kHz) and increased the difference between remnant polarization and
maximum polarization due to the local distortions of the perovskite unit cell.

3.2 Relaxor Ferroelectrics

Grain size, crystallite size, domain width, and defect structures are some crucial
parameters to decide the storage properties of the materials. Conventional ferro-
electrics even after modifications could attain a maximum energy storage efficiency
of 50–60% owing to micrometer grain sizes and sub-micrometer domain widths.
Domain wall mobility or switching which has a major contribution in determining
the polarization behavior provides much less output in the case of optimized ferro-
electric materials. An appropriate extension to the nanoworld is dispensed by relaxor
ferroelectrics with nanoscale polarization disorders giving rise to natural nanometer-
size polar structures even in bulk materials. These polar structures of polar nano
regions (PNRs) are highly mobile and can dynamically change over several orders in
response to external stimuli, e.g., electric field [21]. Being very small in feature size,
these PNRs canflip easily on changing the direction of the applied electric field giving
rise to slim P−E loops, largemaximumpolarization, small remnant polarization, and
moderate dielectric breakdown strength. Moreover, RFEs often exhibit fairly good
temperature stability of energy storage properties due to their unique characteristic of
diffuse phase transitions with temperature [22]. Few cases will be elaborated on here.
Zhao et al. [23] modified BT (a known ferroelectric) by introducing Bi(Ni2/3Ta1/3)O3

as the end component which disrupted the long-range ferroelectric order of the parent
compound into nano-sized PNRs. They noticed a crossover from FE to RFE with the
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Fig. 4 a P–E loops b
Recoverable energy density
(Wrec) and η of 0.95BaTiO3-
0.05Bi0.5Na0.5TiO3 under
different test electric fields; c
P–E loops d η of
0.95BaTiO3-
0.05Bi0.5Na0.5TiO3 at
47 kV/cm in the temperature
range 30 – 120 °C [23]

appearance of slim polarization hysteresis loops and extremely low remnant polariza-
tion. The composition with 0.05Bi(Ni2/3Ta1/3)O3 demonstrated a recoverable energy
density of 0.55 J/cm3 with an efficiency of 87.15% at 117 kV/cm. In addition to
that, the same composition also showed excellent temperature stability of energy
storage properties (Fig. 4). Superior energy storage performance was observed in
relaxor NBT-xBaZrO3 compositional series with a slim polarization hysteresis loop
and small remnant polarization. Besides, the replacement of Na+ with higher valent
Ba2+ reduces the grain size of the system gradually resulting in improved breakdown
strength. With added advantages of excellent temperature stability and fatigue resis-
tance, 0.75NBT-0.25BaZrO3 displays a recoverable energy density of 1.56 J/cm3

and high efficiency of 80.56% [24]. Similar studies have been conducted on NBT
based systems to revamp the storage properties. In a ternary system based on NBT
((1-x)0.65NBT-0.35Bi0.2Sr0.7TiO3)-xBaSnO3), the addition of BaSnO3 as an end
member not only boosted the energy storage performance but also exhibited a ther-
mally stable high dielectric constant. For 0.2 BaSnO3, recoverable energy as high as
3.75 J/cm3, efficiency 84.8%, and an outstanding power density of 38.73 MW/cm3

could be achieved making it promising for pulsed power capacitor applications [25].

3.3 Antiferroelectrics

Antiferroelectrics is named so due to the presence anti parallel dipole moments and
a zero net polarization, unlike ferroelectrics. Under substantially high electric field
(AFE-FE phase switching field EF), these antiparallel dipoles reorient themselves
to form a ferroelectric phase producing macroscopic polarization. In most cases, it
is a reversible transition since the FE phase again switches back to the AFE phase
on reducing the applied field below EA (field corresponding to FE-AFE transition).
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Hence this unique category of materials posses double hystereses loop with almost
a remnant polarization very close to zero and is very crucial in obtaining high recov-
erable energy and efficiency. Pb-based antiferroelectrics have been very attractive in
this regard as they offer appreciable energy storage properties for practical applica-
tions [26]. However, research is in progress in full swing to find a suitable lead-free
material at par with the pb-based materials. One of the lead-free antiferroelectric
materials which owe much potential is AgNO3. In 2016, undoped and Mn-doped
AgNO3 were reported to possess a high energy density > 2 J/cm3 [27, 28]. Thereafter,
Gao et al. [29] enhanced the AFE phase stability of this compound by La-doping. As
expected, they could discover a very high energy density of 4.4 J/cm3 and a moderate
efficiency of 70% along with improved breakdown strength in 2 mol% La-doped
AgNO3. Similar modifications were also made by Zhao et al. and Han et al. [30, 31]
(Fig. 5). Apart from that, NBT based systemswhenmodifiedwith some niobates also

Fig. 5 a Representative diagram showing a strategy to improve recoverable energy in antiferro-
electrics b polarization hysteresis loops cmaximum and remnant polarization (Pm and Pr) d current
(I) vs electric field e EF, EA and �E of AN, ANT10, SANT1, SANT2, SANT3 and SANT4 respec-
tively.(Abbbriviations: AgNbO3 (AN), AgNb0.9Ta0.1O3 (ANT10) and (SmxAg1-3x)(Nb0.9Ta0.1)O3
(SANT1, SANT2, SANT3 for x = 1, 2, 3, 4 mol% respectively)) [31]
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demonstrate fair energy storage properties. NBT-BT-KNN and NBT-Ba0.5K0.5TiO3-
KNN systems [32, 33] exhibit antiferroelectric-like behavior and adequate storage
properties. But the energy storage performance is less appealing than AgNO3 based
systems. Nevertheless, adding NaNbO3 (NN) as an end member to NBT showcased
giant recoverable energy (W) of 7.02 J/cm3 and efficiency (η) of 85%. In addition,
NBT-0.22NN could maintain an optimum W > 3.5 J/cm3 and η > 88% in the range
25–250 °C and 0.1–100 Hz making it a potential candidate for future pulsed power
applications [34]. This may be attributed to the crossover of RFE of NBT to AFE
relaxor phase with an increase in NN concentration making the AFE polarization
loops slimmer and increasing the energy storage performance.

3.4 Glass–Ceramics

Though the energy storage density could be strengthened in FEs, RFEs, and AFEs by
suitable modifications improving the dielectric breakdown strength (BDS) remains
an issue, the lead-free materials (ceramics in particular) have a high concentration
of defects which limits the BDS of the above-discussed ceramics. Factors such as
porosity, grain size, charge transport, interfacial polarization, and the presence of
secondary phases greatly influence the dielectric breakdown strength of the mate-
rials. Finer grain size with very little porosity is advantageous for obtaining high
BDS. Some of the studies point out that introducing an appropriate amount of glass
to the ceramics can substantially improve the BDS and thus maximizing the differ-
ence between maximum polarization and remnant polarization. Adding such glasses
generates liquid phase sintering leading to grain refinement and large BDS. It is
observed that B2O3-SiO2 based glasses possess optimum electric durability and
wettability due towhich it acts as an effective additive for improving the performance
of the parent composition [35]. Incorporation of 20 vol % of BaO-SiO2-B2O3 glass
into Ba0.4Sr0.6TiO3 increased the dielectric breakdown strength of pristine ceramic
from 12.1 to 23.9 kV/mm [36].

Wang et al. [37] made a detailed investigation on the effect of BaO-SrO-TiO2-
Al2O3-SiO2-BaF2 glass on grain size and BDS on barium titanate. They also noticed
that BDS was related to charging transport across the grain boundaries in the space
charge depletion region and was inversely proportional to the average field strength
EGB in the grain boundary space charge layer and is given by

EGB = E

(
dB
dGB

)
(10)

Here, E represents the externally applied electric field to the specimen; dB and dGB

refer to the grain size and width of grain boundary space charge layer respectively. In
yet another report, 0.5NBT-0.5ST ceramic was modified with glass addition (B2O3-
Bi2O3-ZnO-SiO2).With a glass content of 1wt, the energy density reached 1.67 J/cm3

under a field strength of 200 kV/cm. The grain size was refined from 3.07 μmm to
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0.98 μm without changing the phase structure and almost doubling the dielectric
breakdown strength [38].

From the above discussions, it is now very clear that the dielectric and energy
storage properties are largely dependent on the grain size of the ceramics/materials.
The multilayer energy storage ceramic capacitors (MLESCC) which are widely
preferred in the present time comprise hundreds of thin dielectric layers arranged in
parallel with alternating interlayer metal electrodes. Usually, these dielectric layers
are constructed from ceramics with high dielectric permittivity such a BT. Commer-
cially available MLESCCs employ ~1μm thick dielectric layers which require grain
size of the order of 50–150 nm to meet the temperature stability and ensure reli-
able performance [39]. So, nanoscience or nanotechnology plays a vital role in this
regard due to their unique properties as compared to the bulk. In the early stages
single component nanomaterials were studied extensively but with rapid progress
in technology, multi-component nanomaterials such as nanocomposites, thin films,
core–shell structure, etc. due to diverse structure and composition. We will discuss
a few of them here.

3.5 Core–Shell Structure

Core–shell structured materials have attracted the attention of the research commu-
nity due to their extraordinary physical and chemical properties. Such structures are
fabricated to overcome the hazards of densification in the case of nanomaterials.
Considering the example of BaTiO3, its nanocrystalline form (~30 nm) exhibits a
slim and nearly linear P–E loop along with postponed saturation polarization and
high dielectric breakdown strength dedicated to its fine grain size. On the other
hand, it is very difficult to obtain high-density BT with a grain size maintained at
the nanoscale (<100 nm) owing to easier grain growth in nanoparticles. Various
synthesis techniques have been explored in the past to address this issue, e.g., spark
plasma sintering, hot isostatic pressing, two-step sintering, etc. These listed methods
accrue huge equipment costs, or the starting materials are monodisperse particles
with sizes not greater than 10 nm. One of the alternatives adopted by Su et al. [40]
was the introduction of a low melting glass as a coating on BaTiO3 nanoparticles.
The glass 65Bi2O3-20B2O3-15SiO2 forms a thin layer on commercially available
BT nanoparticles forming a core–shell structure. The glass coating layer thickness
could be adjusted by precursor concentrations and at an optimum loading of 26 vol%
of borosilicate glass, no noticeable grain growth was obtained. This corroborates the
fact that the coating acts as an effective grain growth inhibitor during the sintering
process. The overall core–shell structure exhibited postponed saturation polarization
and high dielectric breakdown strength of≥ 1000 kV/cm. It also demonstrated a very
high energy density of ~10 J/cm3 which is much greater than bulk ceramics (Fig. 6).

In another study, BaTiO3 nanoparticles were encapsulated in the FeO layer by
the sol precipitation method. The FeO coating and secondary phase are crucial
in impeding grain growth during sintering by infusing an effective diffusion
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Fig. 6 aRepresentative diagramshowing the formation ofBaTiO3/65Bi2O3-20B2O3-15SiO2 glass
core–shell structure b TEM micrographs indicating the thickness of the coating layer on the as-
prepared nanoparticles c dielectric breakdown strength of the composite structure at two different
thicknesses of 300 μm and 12 μm respectively d comparison of P – E loops for coarse-grained
BaTiO3 (C-BT) and glass coated composite (Bi-BT) [40]

layer. BaTiO3@3%FeO nanoceramics displayed a high discharge energy density
of 1.5 J/cm3 at 300 kV/cm (8 times more than pristine BT), fast discharge features
(τ0.9<1.5 μsec), excellent temperature (25–120 °C), and cyclic (up to 1 × 105 times)
stability [41]. Similar work was performed by Huang et al. [42] in which they
used SiO2 to coat Ba0.4Sr0.6TiO3 by wet-chemical process and then dense ceramics
were fabricated out of the core–shell nanoparticles by spark plasma sintering. It
was remarkable to note that the polarization decreased monotonously on increasing
the amount of SiO2 coating while the dielectric breakdown strength increased.
Ba0.4Sr0.6TiO3 ceramics with 8 mol% of SiO2 exhibited a maximum energy storage
density of 1.6 J/cm3 at 400 kV/cm with an extremely high efficiency of 90.9%.

3.6 Thick/Thin Films

Another effective way of exploring the potential of nanotechnology is to incorpo-
rate the prospective nanoparticles as fillers in polymers to form thick/thin films.
Such films have lesser defects as compared to their bulk counterparts and hence
possess a high breakdown strength and energy storage density. For example, an
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extraordinarily high recoverable energy density of 27 J/cm3 in addition to break-
down strength of 1894 kV/cm was attained in Mn-doped 0.7NBT-0.3ST relaxor
thin films grown on Pt/Ti/SiO2/Si substrates synthesized through the sol–gel method
[43]. Sr0.6(Na0.5Bi0.5)0.4Ti0.99Mn0.01O3 RFE thin films grown on the same substrate
yield recoverable energy of 33.58 J/cm3 along with appealing breakdown strength of
3134.3 kV/cm owing to less no. of oxygen vacancies [44]. Cheng et al. [45] observed
ultra-high recyclable energy density in Ba(Zr0.2Ti0.8)O3 (BZT) ferroelectric films up
to 166 J/cm3 and efficiency up to 83% on reducing the film thickness to few nanome-
ters. This is quite different from the typical FEs in the sense that the films show
much-delayed saturation polarizationwhich increases continuously from almost zero
at remnant in a multipolar state to a substantial value under maximum applied field.
Such a particular behavior may be attributed to the creation of an adaptive nano-
domain structure in the perovskite films via phase engineering and strain tuning
(Fig. 7). The reported film in this study is suitable for dielectric capacitors in energy
storage, conditioning, and conversion. Films fabricated using physical methods
ensure better crystalline quality and higher breakdown strength. One of the best
examples is the attainment of a recoverable energy density of 154 J/cm3 (applied field
of 3500 kV/cm) in (Bi1/2Na1/2)0.9118La0.02Ba0.0582(Ti0.97Zr0.03)O3 epitaxial thin films
deposited by pulsed laser deposition technique [46]. High epitaxial quality, optimum
dielectric breakdown strength, and excellent relaxor dispersion are responsible for
ultrahigh-energy storage in these thin films.

Fig. 7 a Variation of energy density (Wc), η and P – E loops with a thickness of BZT films grown
on different substrates b room temperature variation of dielectric constant (εr ) and loss tangent c
(Wc), η and temperature-dependent P – E loops of 1.8μmBZT film on LAO substrate d variation of
εr and loss at the different thicknesses of BZT films grown on LAO [45]. (Abbreviations: LaAlO3
(LAO), (La,Sr)(Al,Ta)O3 (LSAT) and SrTiO3 (STO))
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3.7 Polymer Nanocomposites

Polymers are another category of materials that can give a tough competition to
bulk and films in energy storage with an added advantage of wearability. Biaxial
polypropylene (BOPP), polyphenylene sulfide (PPS), and polycarbonate (PC) are
polymers that are already explored for commercial production. Despite that bottle-
neck for energy storage density is encountered and the problem of low permit-
tivity, the inferior temperature stability of macromolecules has choked the pathway
to practical applications. Hence, polymer nanocomposites with ceramics in the
form of nanoparticles, nanofibers, and nanorods as fillers are more attractive as
next-generation energy storage materials. Few instances describing the potential of
polymer-ceramic nanocomposites as energy storage materials are cited here. It is a
common observation that when ceramics nanofillers are incorporated into polymer
matrix for building 0–3 or 1–3 structures; an improvement in permittivity and fairly
better thermal stability may be expected. Boron nitride nanosheets (BNNSs) in
P(VDF-TrFE-CFE) provide an insulating barrier to reduce the leakage current and
lead to an enhancement in breakdown strength. The highest energy density and effi-
ciency derived from this system were 20.3 J/cm3 and 78% respectively. Further,
its ternary counterparts with BT and BST were designed to achieve up gradation
in dielectric breakdown strength by blocking electrical trees’ development. Energy
storage density of 21.1 J/cm3 and η of 78% was achieved in P(VDF-CTFE)/12
wt% BNNS/15 wt% BT while for P(VDF-CTFE)/12 wt% BNNS/5 wt% BST, the
featured values were 24.4 J/cm3 and 76% respectively [47–49]. Hao et al. [50]
in their work mentioned ultimate sized ferroelectric nanofillers, i.e., BT nanocrys-
tals (prepared by TEG-sol method) in PVDF-co-hexafluro propylene (PVDF-HFP)
matrix to enhance the breakdown strength and storage performance. They noticed
highly enhanced breakdown strength (380 kV/mm) and maximal discharge energy
density of 9.7 J/cm3 at 30 vol% loadings ofBTnanoparticleswhichwere significantly
higher than composites with coarse BT fillers (Fig. 8).

Nevertheless, the polymer-ceramic nanocomposites often suffer from poor inter-
facial compatibility and agglomeration of fillers which may affect the energy storage
capacity. Surfacemodification and functionalization of thefillers are themost feasible
solution to mitigate these issues. In a report by Gao et al. [51], BT nanoparticles
were hydroxylated by H2O2 followed by a surface modification with DN-101 (a
titanate coupling agent). They could notice an improvement in maximum polar-
ization, breakdown strength, and discharge energy density in the treated nanocom-
posites as compared to the untreated ones. In another investigation, polydopamine
(PDA) was employed to modify the surface of BaSrTiO3 (BST) nanoparticles to
increase the compatibility of ceramic fillers with polymer matrices. This technique
remarkably elevated the dielectric breakdown strength of the nanocomposites to
466 MV/m, and at the same time, recoverable energy density was increased to
11 J/cm3 which was almost 160% more than composites with unmodified BST [52].
Recently, sandwich nanocomposite structures have gained importance as they offer
better performance features as compared to single-layer composites. Shen et al. [53]
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Fig. 8 a Representative diagram for the formation of BT/PVDF-HFP nanocomposite film b
discharged energy density vs electric field at different vol% of BT c variation of breakdown strength
and discharged energy density with vol% of BT [50]

implemented a comprehensive phase model to evaluate the breakdown strength of
sandwich composite structures under electrostatic stimuli in this regard. Basing on
the high-throughput results, they modeled a PVDF/BT nanocomposite sandwich
with upper and lower layers filled with parallel nanosheets and middle layer filled
with vertical nanofibers and obtained an energy density 2.44 times higher than virgin
PVDF polymer (Fig. 9).

4 Summary

With the growing demands of modern society and the urgent need for securing our
environment, lead-free energy storage devices have become indispensible. Neverthe-
less, research is rapidly progressing in this direction and it is expected that within few
years lead-free materials to uproot the Pb-based in-framing energy storage devices.
One of the most important figures of merit identified to strengthen the storage perfor-
mance is these materials is recoverable/discharge energy density. As per the funda-
mental principles involved, enhancing the dielectric breakdown strength is the most
effective way to improve the energy density. In addition to it, some of the applications
require that the employedmaterial shouldmaintain its storage capacity in harsh condi-
tions such as high temperature, and hence thermal stability is of utmost importance.
So, in this chapter, we list the energy storage performance of different categories of
prospectivematerials, oxides in particular, and their evolution frombulk to nanoscale.
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Fig. 9 a 3-D simulations of breakdown phase morphology in nanocomposites with different
microstructures b evolution of breakdown phase volume fraction (10% except pure matrix) at
applied electric fields c extracted breakdown strengths for corresponding nanocomposites [53]

Further, different methodologies which have proven to be achieving success in this
context are also discussed. The first among them is domain engineering by inducing
defects in both bulk and thin films suitable for polarization augmentation, particu-
larly in the case of RFEs and AFEs. Another attempt that is of much importance is
interfacial engineering employed in layered composites or core–shell structures and
is essential to build stronger interfacial bonds for superior storage capabilities. The
next one is downsizing the coarse grains into fine-grained structures which put a posi-
tive on the dielectric breakdown strength and indirectly on energy storage density.
Moving ahead, we elaborated how the materials in their nano form exhibit exotic
properties as compared to bulk due to minimal defects and surface properties. Ultra
high energy densities, thermal stability, and breakdown strength could be achieved
with core–shell structures and thin films. Sandwich polymer nanocomposites with
optimum features are worthwhile for use in flexible electronics. Besides, phase-field
simulation and first-principle calculations also provide evidence for experimental
data and can give a projection for new generation energy storage materials. Thus,
constant research efforts of the feature refining by implementation different synthesis
techniques and utilization of computer simulation going hand in hand will sure give
birth to more prospective and progressive materials to cater our future energy needs.
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Chapter 4
Nanostructure Semiconductor Materials
for Device Applications

Mahdie Kamalabadi, Kheibar Dashtian, Abbas Afkhami,
Tayyebeh Madrakian, and Arash Ghoorchian

1 Introduction

Nanostructure semiconductors as highly applicable materials are receiving signifi-
cant interest for various devices ranging from electronic devices to solar cells (SCs).
These nanomaterials are a class of electrical and electronic materials, whose band
gap (0 − 4 eV) lies between insulators and metals. The energy gap for organic mate-
rials denotes the distance between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels that governs the charge
transport in the materials. While energy gap for inorganic materials is defined as
the distance between the conduction and valence states, other characteristics of
these materials are electrical conductivity, light sensitivity, satisfactory surface area,
adjustable morphology, adjustable bandgap, and rectifying effects. Semiconductors
possess a negative coefficient of purification conductivity, and their conductivity
increases with temperature [1].
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The major property of semiconductors for use in device applications is the control
ability of their conductivity over a wide temperature range by engineering their
surface, bulk, and interfaces. The surface engineering by the introduction of dopants
in semiconducting materials can considerably change the existing characters or
generate new characters [2]. Dopants are classified into two types, donors and accep-
tors, in which donor dopants release electrons and lead to the n-type conductivity,
while acceptors provide holes or positive carriers, and cause the p-type conductivity
[3]. Semiconductor junction-based interface engineering can be created with the
careful selection of narrow gap materials [4, 5]. The behavior of electrons and holes
as charge carriers at these junctions is the basis of most modern electronic devices.

Other essential demands on the semiconductors are sufficiently large band gap
and highmobilities of the free carriers. Since the electrical properties of semiconduc-
tors are influenced by temperature, light, doping, and voltage, these materials-based
devices can be used for energy conversion and amplification [1].

In this chapter,we classify nanostructure semiconductormaterials into three types,
including organic semiconductors (OSCs), inorganic semiconductors (ISCs), and
organic–inorganic semiconductors (OISCs), and present an overview of their optical
and electrical properties and device applications.

2 Organic Semiconductors

The OSC term refers to organic compounds that possess the remarkable capability
to transport charge carriers (electrons and holes) [6]. The OSCs belong to two main
classes of small molecules or π-conjugated oligomers, and conjugated polymers
that are used in device applications like SCs, energy storage devices, organic light-
emitting diodes (OLED), organic field-effect transistors (OFET), sensors, etc. [7].
Significant advances in organic chemistry and the design of π-conjugated molecular
systems have fueled revolutionary changes in device development based on OSCs
[8].

2.1 Solar Cells

The ability of Si-based semiconductors for the fabrication of photovoltaic (PV) cells
has extensively been investigated, owing to their high efficiency. However, their high
production cost is the major obstacle to market success [9]. Hence, the introduction
of new materials is still attractive in device applications. OSCs have appeared as a
promising category of PV materials in recent years because of their low-cost fabri-
cation and ease of scale-up. In these devices, energy from sunlight is converted to
electrical power using OSCs through the PV effect [10]. The charge carriers pass
through the interfaces ofOSC and electrode. Thus, the overall efficiency of developed
devices is governed by the electronic structure of the used material.
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Organic SCs are generally categorized into five main categories: (i) single layer,
(ii) multilayer, (iii) bulk heterojunction architecture, (iv) dye-sensitized, and (v)
tandem SC [11].

A single layer of organic SC is made up of a thin active layer of OSC, sandwiched
between two electrodes (cathode and anode).A layer of highwork function indium tin
oxide (ITO) is commonly employed as the anode, while different metallic electrodes
with a low work function (calcium, magnesium, or aluminum) can be employed as
the cathode. The difference in the electrode work function is insufficient to overcome
the exciton binding energy, which is approximately 0.5 eV in OSCs. This fact limits
the employment of single-layer organic SCs in device applications. Unfortunately,
very low quantum efficiency in the order of 1% was reported for single-layer PV
cells [12].

The multilayer PV cell, also known as planar donor–acceptor heterojunction,
contains two distinct layers: an electron acceptor layer with relatively high elec-
tron affinity, and an electron donor layer with lower electron affinity. Since there
is a difference in the ionization energy and electron affinity values of these two
layers, electrostatic forces can be generated across the interface between the layers
[13]. A precise selection of OSCs to be used is necessary to make the differences
large enough. The excitons in OSCs have intrinsically short exciton diffusion length;
hence, a decrease in the power-conversion efficiencies (PCE) is occurred compared
to inorganic-based SCs. One efficient candidate for overcoming this limitation in
PV technology is the use of C60 fullerene and its derivatives as the n-type material.
C60 derivatives have become more and more prominent in PV technology because
of their excellent electronegativity and electron mobility. For example, a multilayer
SC was presented by Brendel et al. based on the zinc phthalocyanine/C60 [14]. In
another effort, Geiser et al. reported a poly(3-hexylthiophene)/C60 bilayer hetero-
junction system [15]. They indicated that electrons were collected at the polymer,
while C60 excitation occurred at the anode. The solar-to-electrical power efficiency
of 2.6% was achieved on the completed device.

In multilayer PV devices, the low surface area between the acceptor and donor
electrodes increases the lifetime of the devices. The researchers address the issue
by using bulk heterojunction configuration, which consists of blending acceptor and
donor compounds to form an active layer [16]. As a result, the excitons migrate short
distances, and the donor–acceptor interface is increased significantly. In 2020, a
copolymer comprising an electron-rich unit 4,9-bis-(2-ethylhexyloxy)naphtho[1,2-
b:5,6-b’]dithiophene (zNDT) and two-electron acceptor units of benzodiathiazole
(BT) and thieno[3,4-c]pyrrole-4,6-dione (TPD) (abbreviated as P(zNDT-TPDBT))
was synthesized [17], as shown in Fig. 1. The bulk heterojunction blend consisted of
P(zNDT-TPDBT) and [6]-phenyl-C71-butyric acid methyl ester (PC71BM) demon-
strates a promising efficiency of 2.4% with fill factor (FF) of 47%, and open-circuit
voltage (VOC) of 0.91 V.

A dye-sensitized architecture consists of two optically transparent conducting
electrodes and a redox electrolyte. A light-absorbing sensitizer was coated on the
working electrode surface. An organic electrolyte containing a redox probe, like
I−/I3− mediator in an acetonitrile solution, is placed in between two electrodes. The
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Fig. 1 a Schematic overview of the developed device; b Energy level diagram of PC71BM and
P(zNDT-TPDBT); and c J–V characteristics of an as-prepared cell under an illumination (100
mW/cm2). Reproduced from [17] with permission

redox reaction is accelerated at the counter electrode [18]. Porphyrin sensitizers are
one the most popular OSCs for the construction of efficient dye-sensitized based PV
cells [19]. They show high PCEs of approximately 10%. Recently, researchers have
demonstrated that the aromatic ring fusion to a porphyrin core is a promisingmethod-
ology to enhance the performance of these SCs [20, 21]. It should be pointed out that
the best efficiency achieved for this type of SCs in the laboratory is approximately
13%, which is higher than that in large-area modules (about 8%) [22].

In the tandemconfiguration, a series of connected p-n junctions of dissimilar semi-
conductors are used. The presence of each semiconductor enables the absorbance
of a wide range of light wavelengths, leading to the enhanced PCEs. For instance,
an organic-based tandem SC is fabricated, where a polymer: fullerene active layer
and a small molecule were employed as bottom and top sub-cells, respectively [23].
The interface between two active layers allows efficient charge transport across. A
short-circuit current density of 8.48 mA/cm2, a good PCE of 6.26%, and a VOC of
1.46 V are obtained for the as-fabricated device.

2.2 Organic Light-Emitting Diodes

OLEDs have been considered as one promising candidate for light-source technolo-
gies, which are being presented inmany display technologies. OLEDs can be divided
into two distinct categories: small molecule-based light-emitting diodes (SMLEDs)
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and semiconducting polymer-based light-emitting diodes (PLEDs). Generally, tradi-
tional evaporation techniques are used tomanufacture SMLEDs. Therefore, given the
low cost of production, PLEDs are more preferred in display applications, compared
to SMLEDs [24].

Common strategies for the fabrication of OLEDs are illustrated in Fig. 2. A single-
layer OLED is designed by sandwiching an emitting layer (EL) between two the
anode and cathode electrodes. The EL should have two basic characters: (i) good
electron and hole transport and (ii) high quantum efficiency. The EL is an OSC with
high color purity and high efficiency. A two-layer OLED is another cell structure that
takes advantage of two different organic layers. The hole transport layer (HTL) and
the electron transport layer (ETL) are used respectively as hole and electron transport.
In the three-layer structure, an additional organic active layer can be sandwiched
between the transport layers (HTL and ETL) to create a site of the hole–electron
recombination. In a multi-layer cell structure, in addition to the three layers, a hole
injection layer (HIL) is also introduced. The exciton quenching and charge carrier
leakage are eliminated in multi-layer OLEDs, leading to improve efficiency.

The roles and features of anode and cathode in OLED devices are similar to
those of SCs. Transporting holes and blocking electrons are performed at the HTL.
However, ETL provides electron-transporting and hole blocking abilities in OLEDs.
The materials used in the HIL should be having high electron blocking capacity and
high mobility.

OLEDs compete with other display technologies (e.g., liquid crystal displays
and inorganic light-emitting diodes) because they have the following benefits:
low power consumption, high resolution, improved color variation, brightness,
low weight, and low cost. Developing new organic light-emitting materials with
both narrow emission lines and high quantum efficiencies is of great interest
for industry [25]. A substantial challenge in the era of OLEDs is the construc-
tion of an efficient diode with sufficient color purity and a narrow emission line.

Fig. 2 Different cell structures of OLEDs: a single-layer, b two-layer, c three-layer, and d multi-
layer
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In this context, a pure-blue device with narrow emission of 19 nm and high
external quantum efficiency of 32% at 1000 cd m−2 was fabricated based on the
2,3,5,6-tetrafluoro-5′-phenyl-[1,1′:3′,1′′-terphenyl]-4-carbonitrile as an emitter [26].

Also, organic complexes can be employed as emitting active layers in the
field of OLEDs with various emission wavelengths. For example, in 2011,
the efficient novel yellow phosphorescent iridium complexes, Ir(PPOHC)3 and
(PPOHC)2Ir(acac) (PPOHC: 3-(5-(4-(pyridine-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)-
9-hexyl-9H-carbazole), were prepared [27]. The authors report that Ir(III) complexes
with a carbazole–oxadiazole unit can be used as promising materials in electrolu-
minescent devices. In this work, white and yellow PLEDs exhibited an efficiency
of 16.4 cd A−1 and 15.3 cd A−1, respectively. Furthermore, Zink et al. synthesized
a series of highly luminescent complexes based on the two triphenylphosphines,
a bridging P-N ligand, and Cu(I) ion [28]. Emission colors can be easily adjusted
between deep blue and yellow by changing functional groups of the bridging ligand.

2.3 Organic Field-Effect Transistors

In a transistor or field-effect transistor (FET) device, the flow of electrons is modu-
lated using a small potential applied. These electronic systems can have coated wide
range and areas on the flexible supports. These devices have received accelerating
consideration in the last decades because they provide some instruction that falsehood
beyond those easily addressed via wafer-based electronics and cusses to enormous
revolute in the electronics industry. OFETs are one of the fundamental elements for
the next generation of electronics, which have wide applications. The OFET consists
of the following components: drain, gate, source electrodes, anOSC, and an insulator.

The coating of a semiconducting layer is a critical step in the fabrication ofOFETs.
To characterize the performanceofOFETs, the followingparameters are investigated:
field-effect mobility (the ratio of the velocity to the electric field), minimum gate
voltage, and on/off current ratio [29].

The application of OSCs for the construction of these devices is attractive thanks
to their flexibility, transparency, tunability of properties, and light-weight compared
to traditional Si-based transistors [30]. Pentacene has historically been considered an
OSC in the field of OFETs. However, pentacene has limitations, including instability
under the solution process and insufficient device properties; developing novel OSCs
is the most concern topic for future applications in organic electronics. Significant
efforts have been focused on the presentation of new OFETs devices [31–34]. For
example, to increase the π-system conjugation, the anthracene core can be modified
with arenes such as naphthalene, thiophene, bithiophene, and diphenyl [34]. In 2015,
Liu and co-workers found thin-film field-effect transistors based on 2,6-diphenyl
anthracene, having dense molecule packing and high stability [35]. The as-fabricated
OFETs device exhibited maximum mobility of 14.8 cm2 V−1 s−1 due to the use of
layer-by-layer structures.
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OFET devices have also been utilized as the sensing layer to manufacture elec-
trochemical sensors, gas sensors, and biosensors. The selectivity of OFET-based
sensors can be controlled with the modification of the used OSC. For instance, Bayn
et al. utilized polycyclic aromatic hydrocarbons (PAHs) as a p-type semiconducting
material to detect different volatile organic compounds in the presence of humidity
[36]. Interestingly, the as-fabricated PAH-based FET array sensor can distinguish
aromatic and non-aromatic analytes. In another work, an electrolyte gated OFET
(EGOFET) as an ultrasensitive immune-sensor was fabricated for the determina-
tion of the primary inflammatory cytokine TNFα [37]. A gold electrode modified
with anti-TNFα antibody is considered as the gate electrode. The EGOFET channel
is prepared by a thick film of pentacene via high vacuum sublimation. The devel-
oped OFET biosensor responds to the analyte concentration with a detection limit
of 100 pM.

2.4 Other Applications

The OSCs are also exploited in other applications, e.g., sensing, energy storage, and
electrochromic devices.

Advances in OSCs over recent decades have yielded a wide variety of sensing
devices that can effectively be used in analytical applications. The chemiresistive gas
sensors promise to fabricate electronic noses due to their lowcost and a simple readout
circuit. The interdigital electrodes (IDEs) design, a planar substrate comprisingof two
parallel conductive electrodes, is utilized to fabricate the chemiresistive gas sensors.
The OSC, as a sensing active layer, is coated on the surface of IDEs, as illustrated
in Fig. 3. In these devices, changes in the electrical resistance of the active layer
due to the exposure of analyte vapors are recorded via a simple digital multimeter
[38]. The conducting polymers, e.g., polypyrrole [39, 40], polythiophene [41], and
polyaniline [42, 43], are considered good candidate materials for the construction of
chemiresistive gas sensors. Hien et al. [42] presented a sensitive chemiresistive NH3

gas sensor based on polyaniline nanowires and palladium nanoparticles. The sensing
active layer is coated on the Pt-IDEs. The authors reported that the chemiresistor
sensor has a rapid response time, high sensitivity, and good selectivity to ammonia
gas.

As one of the most important types of supercapacitors, the pseudocapacitors
provide an applicable device to store energy because of the high power density and
energy density compared to electrochemical double-layer capacitors. The pseudoca-
pacitors store energy based on a faradic process. The semiconducting polymers have
been extensively employed as pseudocapacitors because of their redox properties
[44].

Another interesting application of nanostructure OSCs is the fabrication of elec-
trochromic devices (ECDs). These are a potentially exciting class of optoelectronic
devices with reversible optical changes due to an electrical stimulus. Several types
of conjugated polymers and their derivatives have been successfully employed to
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Fig. 3 A schematic illustration of a typical chemiresistive gas sensor

demonstrate electrochromic behavior. They present high coloration efficiency and
rapid response time [45]. For instance, a series of nanostructured polymer-based
semiconductors comprising triphenylamine and thiadiazole units were synthesized
and investigated as novel ECDs [46]. In another attempt, Ghoorchian and co-workers
[47] introduced modified poly(thionine) (PTH) and poly(methylene blue) (PMB)
as nanostructure electrochromic materials (See Fig. 4). In this work, the color of
PTH and PMB films is reversibly changed from colorless to pale purple and blue,
respectively, during the oxidation.

3 Inorganic Semiconductors

ISCs are semiconducting materials made from a non-carbon-based material [48].
Among metal oxides, metal chalcogenides, metal phosphides, metal phosphates,
metal halides, and oxyhalides have emerged as trending materials for device appli-
cations [49]. In a device design, optoelectronic characteristics of ISCs such as optical
behavior, energy gap, work function, electron–hole separation, electron lifetime, and
excited-state conductivity are vitally important [48, 50]. Generally, a comparison
between ISCs and OSCs-based optoelectronics and sensing devices is that, in the
OSCs, molecular matters are adhered together through the Van der Waals interac-
tions, while intramolecular bonds are covalent, respectively [51]. Hence, the interac-
tions betweenmolecules are loose, and the permissiblemean route for charge carriers
moving in the semiconductors is approximately balanced to the intermolecular space.
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Fig. 4 The electrochromic behavior of modified PMB and PTH films. Reproduced from [47] with
permission

Consequently, the energy band structure of OSCs is localized and not delocalized
on the overall structure [51]. Therefore, charge separation transfers are incoherent in
OSCs. Generally, every transfer site is localized due to energetic and local disorders
that are considerably higher than the coordinated structure [52].Hence, conductivities
in OSCs stand far lower than in ISCs.

In addition to the ISCs themselves, the supports act a consequential behavior in the
design of the ISCs-based devices because of their surface roughness and smoothness,
surface charge density and zeta potential, flexibility and rigidity, transparency and
turbidity, work function and ionization energy, surface area, structure and reactivity,
surface activation energy and reaction rate, and fully semiconducting properties [53].
For example, in SC application, transparency and the characterizations of the support
are of a priority in which ITO has been mostly applied, while in electronics devices
flexibility is very important [54, 55]. Since this section investigates several classes of
ISCs that can be applied to construction high-performance devices in the following,
some semiconductors and their device applications will be examined.

3.1 Solar Cells

Some traditional types of SCs are amorphous silicon SCs, copper indium gallium
selenide SCs, dye-sensitized SCs, luminescent solar concentrator cells, organic SCs,
perovskite SCs, quantum dot SCs, etc. [56–58]. Since dye-sensitized SC, quantum
dot SC, and perovskite SC have engrossed the consideration of many technologists
from the photo-voltaic field. Its efficiency is considered when it comes to PCE,
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which consecutively is subordinate to the electron transfer rate. They are introduced
to be influenced by changes in electronic, optical, and mechanical characters accom-
panied by crystallinity, morphology, specific surface area, and aspect ratios of the
semiconductors. The fascinating physico-chemical properties of semiconductors and
long-distance instinctive energy migration assemble them sensational candidates as
efficient charge transporters, impressive routes for electron transfer and superior
surface area for dye absorption, photosensitizers for SCs [54]. The structure of a
PV device is the assembling tandem cell of 5.0 independent thin-film layers (see
Fig. 5). Two current collectors as an important and indispensable constituent of PVs
that at least one are high conductivity along with high visible light transparency
and constructed by n-type counterpart semiconductors (ITO, FTO, TiO2, Nb2O5,
SnO2, WO3, SrTiO3, and Zn2SnO4), as well as to no extent p-type semiconduc-
tors are in each particular manufacturing application [59]. Then two barrier layers,
commonly one accountable for the hindering of electromigration, and another one
(on the contrary direction) for the hindering of the hole forwarding (TiO2, PbI2) [60,
61]. Finally, the operational layer is accountable for the light and energy harvesting
and the comprehensive significant agent of the PVs device [55, 62]. So it can be said
that ISCs based metal oxides, metal halides, metal chalcogenides in quantum dot
shape and perovskite structure can be used in designing many parts of the SC device.

Fig. 5 Essential
arrangement structure of
next-generation SC devices
(generally the operational
layer introduces the SC type)
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3.2 ISC-Based OFETs

Mounting ISCs as the functional agents onto flexible supports obtains many benefits
such as being bendable, scalable, portable, and lightweight in an extensive appli-
cation’s scope such as flexible displays, electronic textiles, medical image sensors,
active antennas, smart wearable devices, sensory skins, and large-area e-papers to
name a few. In the design of these systems, integrating ISCs with plastic as attrac-
tive flexible substrates for as-mentioned applications, necessitate processing temper-
atures under the glass-transition temperatures of the plastics supports have been
a major challenge in the development of these systems. To create cost-effective
and reproducible methods such as the printing of functional inks comprising ISCs
progressively the consideration and started from transition metal chalcogenides
(TMCs) and metal oxides for a good deal of potential applications.

Furthermore, one of the most applicable electronic-based ISCs is LEDs which
include progressively deposited electron-injection-booster, hole transport as appro-
priate definitive hosts, high multiplet energy electron transport hosts, critical hole-
transport (organic monomolecular) layers, hole-injection layers which act as remark-
able agents in the modification of the electron/hole injection to achieve transport
balance of charge carriers in the single emission layer of LEDs with electron-
transporting host, and support (e.g., ITO, FTO) anode layers, assimilated straightly
with the thin films FETs.

In this regard, John Rogers et al. deeply focused on the appearance of promising,
efficiency and applicable materials for stretchable and flexible inorganic LEDs,
which can provide the fundamentals for a wide range of convincing, untradi-
tional systems, through deformable presentations, battery-free device prototype
lighting provenances to wearable, biomechanics, skin-mounted, non-invasive, and
implantable bioelectronics with diagnostic and therapeutic applications [63–65].
They in NeuroLux company have a lot of research on interdisciplinary develop-
ments in material preparation strategy, device designs and constructions, mechanical
lineaments, and arrangement strategies over the soft, smooth, flexible, and fully
implantable inorganic LEDs with considerable operating properties even under inor-
dinate faces ofmechanical transformation [66, 67].Anexample of their researchwork
is given in Fig. 6. which revealed a multifunctional, fully implantable, and wireless
optoelectronic device, in a tilted detonated perspective arrangement demonstrating
various components (see Fig. 6a), a digital image of a remotely powered, as-proposed
flexible hierarchical control implementation and integrated system, accentuation the
four blue-emitting micro-inorganic LEDs at the head surface (see Fig. 6b) and a
healthy, disease freely moving the mouse (a long time after the as-proposed device
inserting) (see Fig. 6c) [68, 69].
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Fig. 6 A typical micro inorganic LED a, a photograph of this flexible integrated system b, and this
device implantation in a healthy, freely moving mouse c. Adopts from [63–65]

3.3 Gas Sensors

The ISC-based gas sensors have an extensive range of applications in safety and
health, environmental monitoring and analysis, agriculture, indoor and mine air
quality, and medical diagnosis and treatment [70]. Therefore, here we introduced
the fundamentals type and the emerging assessments and technologies applied in
ISC-based gas sensing devices. Overlay, as-mentioned devices operate by recording
a physical character changed by adsorption/desorption behaviors, recognition, and
physicochemical reactions over ISCs based sensing species and solid-state support.
The investigation of someparameters of ISCs and the exploration of principles,which
prospectively applied through material choosing for gas sensing applications, were
the special platforms of this section [71]. Additionally, highlight such ISC-based gas
sensors as a headlight for promising applications.

The ISC gas sensors are devices that are constructed of ISCs which are applied
for measurement of the concentration of a target gas by the record of the changes
in electrical resistance, electrochemical signals (amperometric and potentiometric),
optical signals, mass sensitive, and thermoelectric [72]. Generally, commercial ISC
gas sensors operate on the axiom of reversible gas (volatile organic compounds
and industrial gas) adsorption procedure at the ISC surface [73, 74]. Adsorption
or diffusion of the target gas on the ISC surface followed by catalytic oxidation
or reduction cusses to change in the electrical resistance, optical properties, and
electrochemical characters of the ISC-based gas sensing devices, which are then
attributed to the target gas type (oxidative or reductive) and its concentration (see
Fig. 7).

Due to the demands of commercial low-power, cost-effective, and portable sensing
devices, installing a heater under solid-state for metal oxide-based gas sensors has
created many important challenges (metal oxides are activated at 100–500 °C) [75–
77]. The advent of new semiconductors (metal chalcogenides and metal halides),
as well as the doping of some materials into the metal oxides structure, has been
removed this limitation, and a wider range for the use of these devices has emerged
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Fig. 7 Typical ISC-based gas sensor

[78–81]. Additionally, typical 3S factors of ISC-based gas sensors that are sensitivity,
selectivity, and stability of ISCs are challenged which the use of different methods
to improve them has been examined as follows:

(1) Design and construction of single and multi-heterojunctions between ISCs
[82–84]

(2) Design and construction of Schottky junction between ISCs and metals [83,
85, 86]

(3) Design and construction of ohmic junction between ISCs and metals [87, 88]
(4) Bulk engineering of the ISCs (surface modifications, morphology controlling,

co-catalyst loading, etc.) [89, 90]
(5) Surface engineering of the ISCs (crystal phase controlling and size/thickness

controlling) [91, 92]
(6) ISCs derived frommetal–organic frameworks (MOFs) and analogues (Prussian

blue) [92–94]

However, there are still challenges in selectivity and stability, which have greatly
improved with the advent of composites of porous materials such as organic–inor-
ganic polymers and organic polymers (COFs, graphene, polyaniline, and polypyr-
role) with ISCs [95–98]. In this case, organic and porous materials are used as
capturing and recognizing gases, and semiconductor materials are used as sensi-
tizers. However, in many cases, noble metal has been used as a sensitizer in these
systems [98–100].

The nanostructured metal oxide (NMO) as well-known semiconductor materials-
based gas sensors technologies has the adequate physisorption of O2 with a negative
charge (O2

−, O−, and O2−) and create the electron-depletion zone as an insulating
region on the surface of n-type semiconductors and hole-accumulation and inver-
sion layers on the surface of p-type NMO semiconductors [101]. The reducing or
hydrogen-rich gases, such as ethanol,methanol, acetone,NH3,CH4,CO, andH2S, are
oxidized via interactionswith as-mentioned negatively chargedO2 followed by injec-
tion of electrons into the electron-depletion layer (in n-type) or hole-accumulation
layer (in p-type) NMOs, which causes to declines or enlarges the sensor resistance,
respectively. Antithetically, oxidizing or oxygen-rich gases such as nitrogen oxides
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(e.g., NO, NO2), halogen gases, and O3 are adsorbed on the surfaces of metal oxide
semiconductors can eliminate additional surface adsorbed electrons and enlarges or
declines sensor response in p-type and n-type NMOs semiconductors, respectively
[80, 102–107]. Thus, the mechanism of NMOs-based gas sensing devices can be
administrated by reactions of the reducing gas and the negatively charged surfaces
O2, and the adsorption of oxidizing gases with O2

−, O−, and O2− [104, 108].
The wide applied of TMCs such as CdS,WS2, andMoS2 based semiconductors in

gas sensing fields is attributed to their robust spin–orbit effect, an exceptional integra-
tion of two-dimensional atomic-scale thickness, promising optoelectronic, physical,
and mechanical characters, and general direct bandgap configuration [106, 109].
TMCs in thin films form generally constructed by vacuum deposition techniques,
bulk exfoliation methods, chemical synthesis approach, and mechanical cleavage
assays to strip bulk materials [110, 111]. The mechanism of TMCs based gas sensors
is similar to NMOs which the initial disposal to the air of p-type TMCs promotes
the capturing of O2 on their surface, expropriation several electrons from the VB
outstanding to the formation of O2

−, O−, and O2− which makes an enhance in the
hole concentration and a decrement in the resistance [112, 113]. The disposal of
oxidizing or oxygen riches gas to subsequently excited electrons from the VB and
outstanding to an enhance in intrinsic hole carrier concentration and accumulation,
consequential in the creation of the hole layer on the p-type ISCs surface and makes
the p-type TMC more conductive. Regarding a reducing or hydrogen-rich gas, the
conflict will happen [114, 115].

Although fabrication of Au sensitized SnO2, TiO2, CuO, Co3O4, Al2O3, ZnO, and
WO3 chemiresistive type gas sensor has been developed for industrials and mines
application [116, 117]. But also, highly sensitive, wearable, and breath analyzer
gas sensors for the monitoring of human health risk be allowed to expeditiously
grow commercially available [118–120]. In the case of wearable sensors, the sensor
implement is an advancement on prevailing wearable sensors due to a self-heating
mechanism that cusses to increases sensitivity [119, 121]. In this regard, hand and
arm showing sensor can be applied to inner write with mobile phone-sized read
beside it.

In the breath analysis cases, the sensing and recognizing of biomarker gases from
human exhaled breath utilizing semiconductors type chemiresistors has fascinated
major consideration due to it prepared robust, non-invasive, comfortable, economical,
portable, or point of care, safe, and quick disease diagnosis [122, 123]. Especially, the
exhaled ammonia and acetone are thought out as prospective biomarkers to analyses
renal diseases during hemodialysis and diabetes, respectively [101, 124]. Since the
gas chromatography or ion mobility spectrometry as conventional high-technology
equipment to measure the accurate breath ammonia and acetone concentrations are
expensive, bulky, and need sampling and pre-conditioning which hinders the real-
time breath analysis [101]. Thus the desired ISCs via superior catalytic activities and
combinatorial strategies can prospect for the progress of sensing systems thatmonitor
less-reactive macromolecules and capable screening, respectively [122, 123]. In this
regard, Kalidoss et al. report an overview on the exponential development of the non-
invasive diagnosis of diabetes mellitus from exhaled breath by NMOs chemiresistive
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Fig. 8 A typical metal oxide-based metal oxide chemiresistive gas sensor. Adapted from [125]

gas sensors and μ-preconcentration (see Fig. 8) [125]. The amazing factors from
these conventional gas sensors, preconcentration, and collection of breath samples
challenges the breath-based diagnosis, which breath analysis utilizing ISC-based
chemiresistors via ultralow energy usage conjunct to the Internet of Things (IOTs)
will concrete new strategy to overcome these challenges and robust disease and
patient diagnosis [101, 126–128]. In this regard, Yoon et al. [101] report NMOs,
carbon-based materials, and TMC semiconductors-based chemiresistors IoT sensors
intended for breath analysis on a miniaturized device for disease diagnosis [101].

4 Organic–Inorganic Semiconductors

OISCs represent an exciting family of semiconductors, which are fabricated from
hybrid organic and inorganic semiconductor materials [3]. Although organic and
inorganic semiconductor materials have unique properties, they have many obstacles
in their non-hybrid form. However, their hybridization with each other surmounts
these obstacles. Also, the combination of the advantageous properties of organic
semiconductors with inorganic semiconductors offers superior potentials in diverse
applications, such as environmental, sensors, electronic devices, SCs, and biomed-
ical applications. With the development of science and technology, the demand for
electronic devices has been increased. Although these devices have improved the
human life quality, they suffer from some practical problems, such as the need for
novel materials to boost the performance of devices. The OISCs open a new window
for the development of high-performance electronic devices because these materials
benefit from the synergy between the intrinsic advantages of organic materials and
those of inorganic materials. In this section, some examples of different applications
of the OISCs in electronic devices are described.
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4.1 Polymer Composites with Nanoparticles

In recent years, nanoparticle–polymer composite materials have attracted intense
attention in scientific fields because these organic–inorganic nanocomposites possess
a combination of excellent properties of each component. Composites based on semi-
conductor nanoparticles and polymers are very attractive for electronic applications,
like flexible electronics, SCs, and light-emitting displays [129–131].

The properties of nanocomposites have strongly dependent on their prepara-
tion strategies. The in-situ polymerization and melt blending are the most routes
employed for the preparation of semiconductor nanocomposites [132].Melt blending
is considered as the simple, cost-effective, and optimum strategy for the prepara-
tion of composites of semiconductor nanoparticles with various polymers. In this
method, a solution containing inorganic nanoparticles dispersed in the polymer
matrix is prepared, and then nanocomposites are accessed through extrusion [133].
The in-situ polymerization is based on the dispersion of semiconductor nanopar-
ticles in the monomeric solution before a polymerization process [134]. In terms
of the large-scale production of nanocomposites, the greatest challenge is the lack
of low-cost methods to control the dispersion of the inorganic nanoparticles in the
polymer matrix. The nanoparticles typically aggregate, negating the benefits of the
nano-dimensions [135]. To prevent the aggregation of nanoparticles in the polymeric
matrix and enhance the interaction between the components, severalmethods are used
(1) the surface functionalization of nanoparticles with ligands, active monomers, or
coupling agents; (2) the modification of polymers with the polar groups; and (3) the
utilization of a compatibilizing agent that led to the improvement incompatibility
between nanofillers and polymer matrix [136–138].

The family of quantum dots (QDs) represents a particular class of inorganic semi-
conductor nanoparticles, revealing unique properties, including size-tunable optical,
electronic, and catalytic properties [139, 140]. Hybrid composites based on QDs and
conjugated polymers have recently gained much attention in device applications.
The SCs based on these composites are gained popularity today because of their low
cost, flexibility, lightweight, good electron mobility, spectral tunability, and high
dielectric constant [141, 142]. The performance of these SCs critically depends on
the shape and size of nanoparticles [143]. Many studies have provided the perfor-
mance improvement of hybrid devices comprising polymer and QDs of different
sizes. Roghabadi et al. [142] used CdSe crosslinking by m-phenylenediamine to
improve the performance of polymer/QDs hybrid SCs. The obtained results indi-
cated the device performance on the size of CdSe QD. The SC performance was
improved when the size of QDs was increased from 2.3 to 8.3 nm.

Photocatalysts play a pivotal role in pollutants removal or energy storage. ISCs
have been considered promising candidates for photocatalysis applications [144].
Currently, TiO2 is the most used ISC as the photocatalyst in solar energy conver-
sion and environmental remediation. However, the main disadvantages of TiO2 are
the absorption of only ultraviolet light and the high speed of electron–hole recom-
bination, which is attributed to its high bandgap energy [145]. Organic–inorganic
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hybridmaterials are of scientific interest to improve ISCs performance. Among novel
promising photoactive materials, photocatalysts based on the ISCs and some conju-
gated polymers have seen an explosive growth of interest in photocatalytic systems.
These hybrid photoactive materials benefit from the synergy between conjugated
polymers and ISCs, leading to improved light absorption, higher surface areas, higher
stability to photo-corrosion, and improved photo charge generation. Thanks to their
photostability, optoelectronic, and morphological properties, conjugated polymers
improve photocatalytic efficiency[146, 147].

In recent years, the development of PLEDs has been of growing concern because
of their great applications in wearable electronics and flexible displays [148]. The
polymer used in PLEDs should be possessed identical chemical and physical proper-
ties, including absorption and emission spectra, molecular weights, charge injection,
and transfer stability, as well as thermal stability. Nevertheless, the potential use of
PLED devices is ultimately limited by some disadvantages of polymers in terms
of high cost, low optoelectronic efficiency, poor stability, and short lifetimes [149].
Recently, numerous efforts have been concentrated on improving the PLEDs effi-
ciency, by employing polymer-inorganic nanocomposites. Since polymer-inorganic
nanocomposites possess both advantages of the polymer and inorganic nanoparti-
cles, they increase the flexibility and electroluminescent efficiency of PLEDs [150].
The addition of inorganic components into the polymer matrix can enhance the
thermal, electrical, and optical characters of composite material [151, 152]. Sabah
et al. [153] studied the role of ZnO, WO3, V2O5, and TiO2 as ISCs on the optical
and electrical properties of the synthesized polyvinyl alcohol (PVA) for the PLED
application. The obtained results showed PVA/ZnO and PVA/TiO2 nanocompos-
ites were the best candidates for the fabrication of PLEDs because of their clear
emission bands. In another work, Jamatia et al. [154] mixed prepared FexZn1−xO
(x = 0.01, 0.05, 0.10) nanoparticles with poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) polymer and used the as-prepared nanocom-
posite as thin active layer in PLEDs. Figure 9 depicts the scheme of the fabri-
cated device in this study. ITO, Mg, poly(3,4-ethylene dioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS), and FexZn1−xO/MEH-PPV were used as the
anode, cathode, HTL layer, and active layer, respectively. Holes are introduced from
the anode through the PEDOT:PSS layer into FexZn1−xO/MEH-PPV. However, the

Fig. 9 Schematic diagram
of the fabricated PLED using
FexZn1−xO/MEH-PPV
nanocomposite. Reproduced
from [154] with permission
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cathode injects electrons into the active layer. They showed that the luminance inten-
sity of a PLED based on the as-prepared nanocomposite was significantly increased
compared to the PLED based on neat MEH-PPV.

Another application of nanoparticle–polymer composites is in light-dependent
resistor (LDR) devices. The LDR device or photoresistor cell is a semiconductor
device whose resistance depends on the intensity of the entire light, and its resis-
tance is decreased with the increasing light intensity [155]. LDR devices usually
suffer from the high toxicity of the materials used in their manufacture [156]. Hence,
the introduction of new, economical, and efficient environmentally friendlymaterials
for LDRs has become an important research area in recent years. Among developed
inorganic nanoparticles, ZnO nanostructures have triggered considerable interest in
device applications because of their wide direct bandgap, high chemical, and thermal
stability, inexpensive preparation, and high mechanical strength [157]. Hybrid ZnO
with the conjugated polymers is considered a class of remarkable OISCs due to
their synergic effect and nanoscale interaction [158]. Rawal et al. [158] synthesized
hybrid polypyrrole-ZnO nanostructures through the chemical oxidation method and
investigated the photoconduction behavior of the prepared nanocomposites. The
dark conductivity of the nanocomposites decreased with the increasing nanopar-
ticle concentration because of nanoscale interfacial interaction between the ZnO and
polypyrrole. The structure of the electronic band of the polymer was altered due
to the strong coupling between inorganic nanoparticles and polymer, leading to an
improvement in the photosensitivity of nanocomposite. The photo-response of the
synthesized nanocomposites was increased with enhancing illumination intensities,
making polypyrrole-ZnO nanocomposites ideal candidatematerials for the non-toxic
LDR devices.

4.2 Metal–organic Frameworks

MOFs are an exciting group of hybrid inorganic–organic crystalline materials
comprised of metal ions and organic ligands. Thanks to their unique properties,
including abundant accessible active sites, high surface area, high intrinsic porosi-
ties as well as complimentary electronic and mechanical characteristics; MOFs have
attracted immense research interests in different fields of electronic devices [112,
159–162]. The rapidly growing demand for efficient energy storage devices has
motivated researchers to developed electrical energy storage devices, e.g., superca-
pacitors and batteries. The electrode materials are fundamental elements for these
devices. Among employed materials, MOFs have been increasingly utilized in elec-
trical energy storage devices because of their unique properties, including quick
electron transfer, large specific surface areas, multiple redox-active sites, and short
ion diffusion distance [162]. Hu et al. [163] reported the preparation of Ni- and Mn-
based frameworks, named Ni-UMOFNs and MnUMOFNs, and investigated their
performance as anode materials in rechargeable lithium batteries. Compared to Ni-
UMOFNs, theMn-UMOFNs showed amore favorable anodic performance, such as a
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higher reversible capacity and rate capability. This better performance was attributed
to the structural properties of Mn-UMOFNs over Ni-UMOFNs, including larger
specific surface areas, the thinner thickness of nanosheets, and smaller ionic radius.

Among electrical energy storage devices, supercapacitors have received particular
attention thanks to their excellent power density, good safety, and rapid energy storage
function [164]. Porousmaterials, such asMOFs and/orMOFderivatives, have always
been considered as the best candidate for supercapacitor development because they
facilitate electron andmass transportation [165, 166]. Jia et al. [167] developedNiCo-
MOF nanosheets as the anodic materials in asymmetric supercapacitors (ASCs).
The NiCo-MOF nanosheets were prepared through the soaking method. The in-
situ growth of nanosheets led to creating more pore structures, which enhances
capacitive properties due to its more active sites. The NiCo-MOF nanosheets based
ASC device exhibited excellent performance with high specific energy (57.8 Wh
kg−1) and 71.40% capacity retention after 6000 cycles.

4.3 Organic–Inorganic Halide Perovskite

Organic–inorganic halide perovskites are an interesting family of semiconductors
with exciting applications ranging from SCs to LED devices. These materials follow
the ABX3 structure, where A and B are two distinct cations with various ionic
sizes, while X is an anion [168]. Recently, perovskites generated enormous interest
in photodetection applications because of their remarkable optoelectronic proper-
ties, including high mobility [169], ferroelectric polarization [170], low binding
energy [171], and dielectric constant [172]. Despite the intrinsic characteristics of
perovskite materials, their limited photo-detection or response time (>10 μs) and
response range (<800 nm) are considerably challenging to fabricate some high-speed
and high-performance optoelectronic devices. However, continuous efforts have
been made to surmount these obstacles [173–175]. For example, Geng et al. [176]
directly integrated the CH3NH3PbBr3 perovskite on a silicon substrate to develop a
photodetector with broad-spectrum (405–1064 nm) and high-speed (520 ns).

SCs based on perovskite has received considerable research attention in the
past decade due to their PCE, strong solar absorption, inexpensive materials
constituents, and ease of fabrication [177, 178]. Various techniques have been
employed to prepare perovskite electrode materials, such as one-step and two-step
spin coatingmethods[179, 180], and physical vacuum-based deposition [181]. Fabri-
cationmethods affect the PCEby impacting themorphologies of perovskitematerials
[182].

Among perovskite materials, organometal halide CH3NH3MX3 (M = Pb, Sn, X
= halogen) has attracted intrinsic attention in SCs. The SC based on CH3NH3MX3

was first fabricated in 2009. This SC exhibited a low PCE of about 3–4% [183].
This result led to the development of perovskite SCs with increased PCE. Jung
et al. presented a perovskite SC with a PCE of 22.7%. In this work, a layer
of poly(3-hexylthiophene) (P3HT) as an HTM was deposited on the perovskite
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surface ((FAPbI3)0.95(MAPbBr3)0.05). P3HT is an ideal candidate for use as the
HTM because of its excellent advantages, including low cost [184], remarkable
optoelectronic properties [185, 186], and ease of fabrication [187, 188].

Thanks to their superb optoelectronic properties, such as external quantum effi-
ciency, narrow emission bandwidth, high photoluminescence quantum efficiency
(PLQE), and tunable emission wavelength [189], perovskite materials have been
playing a significant role in developing LED devices. In the past several years,
perovskite LED devices have undergone significant development to improve their
efficiency. Recently, green, red, and near-infrared LED devices based on perovskite
materials have been reported to have external quantum efficiency increased up to
21% [190–192]. Despite that blue perovskite LEDs are one of the main parts of
lighting and display devices, they suffer from low PLQE because of their relatively
large bandgap [193, 194]. To overcome this challenge, much progress has been made
in the type of perovskite materials. Sun et al. [195] introduced a new way to increase
the efficiency of blue-emitting perovskite nanocrystals. They synthesized composite
materials, including CsPb(Cl/Br)3 and Cs4Pb(Cl/Br)6 and then, enhance their effi-
ciency to 90% through a simple anion-exchange reaction. These high-performance
materials were used to fabricate blue LED devices and to prepare anti-counterfeiting
inks.

5 Conclusion

Semiconducting materials have widely emerged in many device applications related
to electronics, optoelectronics, energy storage, and analytical chemistry. These
mainly fall into three families: OSCs, ISCs, and IOSCs. We described how diverse
semiconductors were utilized as active materials for the design, development, and
construction of devices. Advances in the preparation ofπ-conjugated oligomers, and
conjugated polymers, as OSCs, have gained a lot of interest because of their potential
in tunability properties, low cost, and flexibility. They are imperative for a range of
applications including SCs, energy storage devices, OLEDs, OFETs, sensors, etc.
OSCs will be able to decrease the cost of device manufacturing compared to ISCs.
Another interesting type of nanostructure semiconducting material is ISC. Several
types of metal oxides, metal chalcogenides, metal phosphides, metal phosphates,
metal halides, and oxyhalides have been employed to fabricate devices. They present
a great potential for the fabrication of chemiresistive gas sensors. Pure OSCs or ISCs
are unable to fabricate some devices because their unique properties are insufficient.
One of the major strategies to overcome the challenge of fabrication is using IOSCs
due to their promising characters such as flexibility, low-cost production, and high
efficiency. Furthermore, the hybrid IOSCs can be used to fabricate different devices,
especially LED.
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Chapter 5
Reduced Graphene Oxide/Silicon
Nanowire Heterojunction-Fabrication
and Photovoltaic Application

Sadhna Rai, Rabina Bhujel, Joydeep Biswas, and Bibhu P. Swain

1 Introduction

The photovoltaics (PV) field has made tremendous advancement in the last decade,
with an average compound annual growth rate of more than 35%. Wilson et al.,
in their article “The 2020 photovoltaic technologies roadmap” reported that “At
the end of 2019, the world’s cumulative PV capacity was 591 GW with an annual
module production capacity of 184 GW and shipments of approximately 125 GW”
[1]. PV plays a significant role in the journey of the world’s transition to renewable
energy because it is environmentally friendly, and there is no carbon emission and is
cost-efficient.

The performance of the PV cells depends on their constituent materials. Silicon
is widely used in PV cells because of its abundant availability, non-toxic nature.
Currently, the maximum efficiency of 24–25% is obtained for laboratory and
commercial silicon solar cells under non-concentrated sunlight [2]. Silicon, a semi-
conductor material, has excellent optical and electronic properties, which are highly
beneficial for PV cells. Recently, silicon nanowires (SiNWs) have been thoroughly
studied as amaterial for PV cells. The SiNWs show reduced reflectivity and enhanced
light trapping. The bandgap of Si is 1.12 eV [3] which can be tuned due to the
quantum confinement effect in SiNWs. The overall electronic and optical properties
are enormously improved when planar Si is converted into SiNWs.
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Graphene possesses superior electronic and optical properties, which are benefi-
cial for a PV cell, such as transparency, low sheet resistance, large surface area, and
excellent conductivity. It possesses extraordinary charge carrier mobility with a value
as high as 200,000 cm2/Vs [4], enabling easy movement of electrons. However, the
mass production of pristine graphene is expensive, increasing the overall cost of the
solar cell. The alternative to graphene is the chemically synthesized reduced graphene
oxide (rGO) [5]. Its properties are similar to pristine graphene with the added benefit
of tunable bandgap energy. The bandgap in rGO can be tuned by controlling the
extent of reduction. In addition, rGO possesses the ability to be chemically doped (n
or p doping).

Schottky junction solar cells have widely been studied because they are easy to
assemble, simple, and economically profitable. Researchers use indium tin oxide
(ITO) as an alternative to the metal in the Schottky junction. However, indium is a
rare element that leads to a high cost of production for ITO. Also, the brittle nature
of ITO hinders its application in flexible devices. These limitations can be overcome
by the use of graphene or rGO in place of ITO. Li et al. reported the first graphene/Si
Schottky junction PV cell in 2010 with an efficiency of 1.5% [6].

The current chapter describes the various generations of solar cells, fabrication
techniques for the rGO/SiNWs heterojunctions. Further, the development in the
efficiency of these solar cells over the years has also been elaborated.

2 Generations of Solar Cell

Based on the working principle and the types of materials used, solar cells are
categorized into four generations.

2.1 First Generation Solar Cells

They are based on the principles of a typical p–n junction diode. The 1st generation
solar cells are mainly made up of silicon. They are the most common type of solar
cells available in the market and account for about > 80% of solar panels sold around
the globe. They are highly efficient with a longer lifetime. First-generation solar cells
are still the most cost-efficient commercially available solar cells, as shown in Fig. 1.
The first generation solar cell is further divided into two categories.

• Mono-crystalline Silicon SolarCells: In this type of solar cell, thewholewafer is
composed of a single crystalline Si.A single cellmeasures about few inches.Many
cells are placed on a grid to form a solarmodule/panel to increase the output power.
They are highly efficient and can give efficiency. To date, the highest efficiency
of ~ 26.7% is achieved by Kaneka Corporation [8]. For this type of solar cell,
highly pure Si is required. In addition, the process to grow a large single crystal
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Fig. 1 Cost versus solar cell efficiency [7]

is complex and laborious. This increases the production cost. Hence, though it
has high efficiency, it is costly. Furthermore, they lose their efficiency at higher
temperatures.

• Polycrystalline Silicon Solar Cells: This type of solar cell consists of several
crystals of Si. The production of this type of solar cell is less laborious compared
to themonocrystalline solar cell.Hence, they are comparatively cheaper.However,
on lowering the production cost, the efficiency is compromised. The highest
efficiency reported is ~ 24.4% by Jinko Solar [8].

2.2 Second Generation Solar Cells

The second-generation solar cells consist of a thin film of photoactive material on
a substrate. The thin-film technology gives it the advantage of reduced mass, which
enables it to be integrated into lightweight and flexible devices. Also, the absence
of metal fingers in the front allows it to be applied on windows, cars, buildings,
smartwatches, etc. They have lower efficiency and cost than first-generation solar
cells. They can also work at higher temperatures [9]. They are further divided into
the following three categories.

• Amorphous Si (a-Si) based thin-film solar cells: They are fabricated using
abundantly available raw material called amorphous Si (a-Si). In a-Si, hydrogen
atoms are bonded to Si and are called hydrogenated amorphous silicon (a-Si:H).
The a-Si:H do not have long-range order like crystalline Si. The a-Si is deposited
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on low-cost substrates viz., glass, metal, or plastic foils. The a-Si-based thin-film
solar cells are work on the principle of p-i-n or n-i-p diode. The front contact
consists of a transparent conductive oxide, and the rear contact is a metal film.
The thin film is deposited on the substrate using the plasma-enhanced chemical
vapour deposition (PECVD) technique [10]. The highest recorded efficiency is ~
14% [8]. The efficiency can be improved by the development of cell design and
deposition techniques.

• Cadmium Telluride (CdTe) Thin Film Solar Cells: CdTe has a direct bandgap
value of 1.20 eV and a high absorption coefficient. Due to its excellent electrical
and optical properties, it was recognized as a reliable material for thin-film solar
cells. The first CdTe solar cells were reported to have an efficiency of ~ 10%. A
CdTe solar cell consists of a substrate viz., glass, molybdenum, polyamide, and
stainless steel. The front contact is a transparent conducting oxide (TCO) viz.,
Indium tin oxide (ITO) or Fluorine tin oxide (FTO). The n-type CdS acts as the
intermediate layer between TCO and p-type CdTe. The CdTe layer absorbs the
maximum visible light. The rear contact is made commonly up of metal or metal
alloys [11, 12]. The CdTe thin-film solar cell with the highest efficiency of ~22.1%
was manufactured by First Solar, Inc. in 2015[8].

• Copper Indium Gallium Selenide (CIGS) Thin Film Solar Cells: In this type
of solar cell, a thin film of copper indium gallium selenide is used as the photoac-
tive material. The CIGS thin film is deposited on a substrate mainly soda-lime
glass, and a molybdenum layer acts as the back contact. Other substrates such
as polymers and metal foils can also make a flexible and lighter device. CdS are
deposited on top of the CIGS layer, which acts as a buffer. On the top lies a TCO
viz., ITO, or doped ZnO [13]. Nakamura et al. reported the highest efficiency of
23.35% for Cd-free CIGS thin-film solar cells in 2019 [14].

2.3 Third Generation Solar Cells

Third-generation solar cells target high efficiency with minimum cost. In this type
of solar cell, semiconductor nanoparticles are used as the photoactive material. The
use of semiconductor nanoparticles may help in overcoming the Shockley-Queisser
limit (η = 33%). Some of the categories of third-generation solar cells are discussed
below.

• Nanocrystal Solar cells: In this type of solar cell, inorganic nanocrystals are
coated on a substrate. The nanocrystals can be synthesized easily in scalable
quantities. They have a high absorption coefficient and superior transport proper-
ties. Some examples of nanocrystals are Si, CdTe, and CIGS, and those substrates
are Si and organic conductors.

• Polymer-Based Solar cells:A highly conjugated polymer semiconductor is used
in polymer-based solar cells. The polymer is solution-processable, making it
feasible to be easily coated on the plastic material using cost-effective and low-
energy coating techniques. The simplest polymer-based solar cell consists of a
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transparent front electrode, a semiconductor polymer that acts as the active layer,
and a back electrode printed on plastic material. The thickness of the active layer
lies between 150-200 nm. The most successful type of polymer solar cell is the
bulk heterojunction (BHJ). In a single junction BHJ, a transparent back elec-
trode, a hole transport layer, the active layer, a blend of donor polymer/acceptor
molecule, and a front metal electrode is layered together [15]. However, in tandem
junction BHJ, several single junctions BHJ are stacked together [16]. The highest
reported efficiency is 17.3% for a tandem junction BHJ. The manufacturing cost
of polymer solar cells is low. The flexibility of the device makes it applicable in
portable devices, wearable devices, and buildings.

• Dye-Sensitized Solar Cells (DSSC): In a DSSC, the main components are a
working electrode (ITO or FTO), a semiconductor material (TiO2 (anatase),
ZnO, Nb2O5, SnO2), a dye, an electrolyte (Iodide), and a counter electrode (Pt,
graphene) [17–19]. The semiconductor materials are coated on the working elec-
trode. The dye remains adsorbed on the semiconductormaterial. The counter elec-
trode is dipped in an electrolyte. The working and the counter electrode are fixed
together to prevent the electrolyte from leaking. The highest efficiency reported
for DSSC is ~ 12.25% [8].

• Perovskite Solar Cells: Perovskites are compounds with the molecular structure
of type ABX3. Organic–inorganic metal halide compounds are used as perovskite
materials in solar cells. Perovskites are used as the light-absorbing material and
electron/hole transport layer since they have excellent charge mobility and carrier
lifetime [20]. The highest efficiency reported for perovskite solar cells is ~29.15%
[8].

• Multi-junction Solar Cells:Multi-junction solar cells contain a stack of multiple
p-n junctions. They are made up of different semiconductor materials having
different bandgap energies. The use of multiple p-n junctions allows absorbance
of light energy with different wavelengths. This ensures the conversion of the
maximum amount of light into electrical energy with minimum loss. The semi-
conductor materials are stacked so that those with the highest bandgaps are at
the top and lowest at the bottom. In 2018 Geisz et al. proposed a solar cell
design with six junctions AlGaInP/AlGaAs/GaAs/GaInAs(3) having bandgap
energies 2.15/1.72/1.41/1.17/0.96/0.70 eV, which has the potential to exceed 50%
efficiency [21].

• Organic–Inorganic Hybrid Solar Cells: The organic material is conjugated
organic polymers viz., PEDOT:PSS, PVV, P3HT:PCBM, etc. The inorganicmate-
rial consists of quantum dots or nanoparticles (nanowires, nanorods, or tetrapods).
The photoactive material is sandwiched between two electrodes having different
work functions. Theworking is similar to that of polymer solar cells. The inorganic
materials have the advantage over organic materials as they aremore stable and do
not undergo photodegradation. The quantum confinement effect in nanoparticles
helps in tuning the bandgap of the inorganicmaterials. The inorganic quantumdots
transfer charge to the organic counterparts faster than the recombination rate [22].
Regardless of the various advantages of the inorganic materials, the efficiency of
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this type of solar cell is still low. However, more study and improvements are
required to realize the full potential of these solar cells.

3 Reduced Graphene Oxide/silicon Nanowires
(rGO/SiNWs) Heterojunction

To make rGO/SiNWs heterojunction, rGO must be deposited on top of the SiNWs.
Various methods are used for this purpose, some of which are discussed below.

• Spin coating: The spin coating is a standard and easy method for the deposition
of rGO on SiNWs. The instrument used for this process is called a spin coater. A
dispersion of rGO is made in a solvent. The solvent used is usually volatile, which
is quickly evaporated during the spin coating process. The substrate (SiNWs) is
placed on the spin coater and is subjected to rotation at high speed. This dispersion
is then applied to the centre of the wafer. The rotation is continued till the excess
solvent is dried, and a film of desired thickness is obtained. The crucial factors
that affect the thickness and uniformity of the film are rotation speed and the
concentration of the rGO dispersion.

• Drop casting: A dispersion of rGO is made using a volatile solvent and is spread
over the SiNWs. It is then dried in suitable conditions (Fig. 2).

The thickness of the film can be varied by varying the volume and concentration
of the dispersion. Using this method, rGO can be deposited to a relatively small
substrate. The process is a simple, easy, and cost-effective method for the deposition
of rGO on SiNWs. However, the film deposited may not be uniform (Fig. 3).

• Dip coating: In this process, a solution of rGO is made. The SiNWs are dipped
in this solution for a certain amount of time. It is then pulled out of the solution
vertically. In this step, the rGO stars coating the SiNWs. The thickness of the
film depends on the speed of the withdrawal. The slower the speed, the thinner
will be the film. The excess solvent is then drained off and evaporated. After the

Fig. 2 Schematic for the process of spin coating of rGO on SiNWs
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Fig. 3 Schematic for the process of drop-casting of rGO on SiNWs

Fig. 4 Schematic for the process of dip coating of rGO on SiNWs

evaporation, a thin film of rGO remains on the surface of SiNWs. Though the
process is simple and easy, the thickness and uniformity of the film may not be
suitable.

• Spray coating: This process is similar to spray painting. The solution of rGO in
a solvent with a stabilizer is prepared. This solution is then sprayed on SiNWs
using a syringe pump. The SiNWs can be heated during the spraying process or
heated after the process is complete. It is also a cost-effective method (Figs. 4, 5).

4 Photovoltaic Application

Nanomaterials have broad applicability because of the possibility of tuning their
properties. The properties of the nanomaterials are tailored by controlling their
morphology, structure, composition and introducing some impurities. In this section,
wewill discuss the photovoltaic application of rGO/SiNWsheterojunction.Graphene
and its derivatives, mainly GO and rGO, are widely studied for photovoltaic appli-
cations. They possess outstanding optical and electronic properties, which makes
them suitable for application in photovoltaics, e.g., graphene has a vast theoret-
ical surface area (2630 m2g−1), high electron mobility (~20,000 cm2V−1 s−1), and
thermal conductivity (5000 Wm−1 K−1). However, pristine graphene possesses a
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Fig.5 Schematic for the process of spray coating of rGO on SiNWs

zero bandgap [23]. However, the bandgap is essential for photoactive materials. rGO
is a solution to this problem. The bandgap in rGO varies with the presence of oxygen
and other impurities. The bandgap of rGO can vary from ~1 to 1.69 eV depending
upon the percentage of the oxygen moieties present in it [24]. The oxygen function-
alities in rGO enable it to form hydrogen bonds with polar protic solvents. Hence, it
is stable in these solvents which help in the fabrication of devices. Also, these func-
tionalities open the possibility of doping with other functional groups. The doping
leads to interesting optical and electronic properties owing to modification of the
work function in rGO. This helps in minimizing the sheet resistance. With the help
of modification, their work function can be matched with the HOMO and LUMO
of other photoactive materials, leading to decreased potential barriers. It plays a
significant role in the performance of the photovoltaic device.

Si is a semiconductor, and it is the most common material used in solar cells.
The highest theoretical value of efficiency for Si solar cells is about 29% under non-
concentrating sunlight [2]. The improvement in the efficiencyofSi solar cells depends
upon the device design and fabrication. One of the examples of solar cells using Si
is Schottky junction solar cells. They can be easily fabricated at room temperature at
minimum cost. The most straightforward design is the coating of graphene on n-type
or p-type Si. Graphene/Si Schottky junction solar cells have been currently studied
to obtain high-efficiency solar cells. Graphene acts as an antireflective coating to Si.
Li et al. first fabricated graphene/Si solar cells in 2010 [6]. They found the reflection
to decrease by ~70% in the visible region and ~80% in the infra-red region. The solar
cell fabricated by them showed an efficiency of 1.5%. Since then, various research
works have been conducted to improve the efficiency of graphene/Si solar cells.
Graphene and its derivatives (GO and rGO) have been employed for the same. The
efficiency depends on some factors, viz., quality, defect states, and impurity in GO
and rGO. The efficiency can also be improved if the problem of high reflectivity in



5 Reduced Graphene Oxide/Silicon … 95

planar Si can be overcome. For this purpose, SiNWs have emerged as a promising
candidates.

SiNWshave the advantage over bulk Si in terms of physical, optical, and electronic
properties. SiNWs have excellent light trapping properties, so the reflectivity is low
in the visible region. The anti-reflective property can be modified by controlling
the length of the nanowires [25]. SiNWs have a unique 1D structure and a higher
surface area to volume ratio. Additionally, they have a direct bandgap in contrast to
the indirect bandgap of bulk Si. The quantum confinement effect in SiNWs allows
the movement of electrons in one direction, thus affecting the bandgap energy of the
material. The bandgap energy can be tuned by varying the diameter of the nanowires
[26]. Thus, SiNWs are widely used for application in solar cells.

5 Current Density–Voltage (J-V) Characteristics:

The current density–voltage characteristic is essential to determine the efficiency of
a solar cell. The efficiency of the rGO/SiNWs Schottky junction solar cell can be
calculated using the following equation:

E f f iciency(η)% = VOC × JSC × FF

Pin
.

VOC, JSC, FF, and Pin refer to open-circuit voltage, short circuit current, fill factor,
and power input in the above equation, respectively. These values are obtained from
the current density versus voltage plot, as shown in Fig. 6.

Xie et al. fabricated a graphenenanoribbon/multipleSiNWSchottky junction solar
cell. The values of VOC, JSC, FF, and η for the device were 0.59 V, 11.3 mA/cm2,
0.221, and 1.47% [27]. Fan et al. compared the efficiency of graphene/SiNW before
and after doping. Graphene was doped using thionyl chloride to get an enhanced
η value of 2.86%. This value was almost four times greater than that of undoped
graphene/SiNW solar cells, i.e., 0.68% [28].

The energy band diagram for p-rGO/SiNWand n-rGO/p-SiNWSchottky junction
is shown in Fig. 7. When a potential is applied, the partial carriers in SiNW tend to
move towards rGO. At the interface of rGO/SiNW, the energy level will be bend
upward (n-SiNW) and downward (p-SiNW), and a depletion region will be formed.
When illuminated by light, the charges in the depletion region will be separated. The
resultant electron and holes will move in the opposite direction, which generates the
photocurrent [4].
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Fig. 6 Current density versus voltage curve for solar cell

Fig. 7 Energy band diagram for p-rGO/n-SiNW and n-rGO/p-SiNW Schottky junction

6 Summary/Conclusion

The advancement in photovoltaics is essential for providing an alternative energy
source to fossil fuels. It can cater to the energy requirements of the ever-demanding
society. The efficiency of the solar cells depends on the materials used for the device
fabrication. The majority of the existing solar cells are formed of Si. Many studies
havebeendoneover the years, andnanomaterials havemade a significant contribution
to improving the efficiency of solar cells. In this case, the 2D material, particularly
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graphene and its derivatives, has been widely used. The extraordinary optical, elec-
tronic, and physical properties of graphene contribute to its applicability in solar cells.
In addition, SiNWs have also been mainly studied for application in solar cells. They
have the advantage of improved light trapping ability over planar Si. The integration
of graphene and SiNWs leads to the formation of Schottky junction solar cells. The
improvement in the device design, fabrication techniques, and materials’ properties
would give a solar cell having high efficiency.
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Chapter 6
Chemical Bath Deposited Zinc Oxide
Nanostructured Thin Films and Their
Applications

Sumitra Nongthombam and Bibhu Prasad Swain

1 Introduction

ZnO nanostructures are promising building blocks for a variety of versatile photonic
and electronic applications in energy harvesting such as LEDs, solar cells, photo-
voltaic, electronic devices including transistors, transparent conducting oxides, flat
panel displays, and in chemical sensing, photocatalyst, and so on [1]. In addition,
ZnO is known to exist in different morphologies, thanks to its unique physicochem-
ical characteristics owning a wide bandgap (~3.4 eV), and high excitonic energy
of 60 meV. Apart from these, ZnO being highly abundant in nature, economical,
non-hazardous, and easily processable by many techniques makes it an interesting
material for production by various techniques. On the other hand, thin film nanos-
tructures technology advances in material science owing to its unique characteristic
defined by its geometry, thickness, and structure [2]. Thin films are grown by three
kinds of techniques: (1) Sputtering method, (2) Vapor deposition technique, and
(3) solution-based technique [3]. Wet-chemistry techniques are the most econom-
ical among the three techniques and are appropriate for processing in any research
environment because it does not require large complex instruments and high tempera-
ture/high vacuum conditions. Among the wet chemistry techniques, special attention
is given to the CBD method favored by its low cost, simple experimental setup, and
good potential for scaling up.

CBD is a simple and facile technique to grow thin films over a substrate dipped in a
solution of chemical precursors under control parameters. The techniquewas initially
established in 1884 but limited to only PbS and PbSe until when the method began
to be utilized extensively in the deposition of selenides, sulfides, and oxides-based
thin films in the 1990s [3].
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Despite the various advantages of CBD such as easily processible, low-
temperature deposition, large area coatings, and reproducibility, the technique is
limited to lack of control over growth kinetics thus making it difficult to obtain films
of high purity. Herein, the chapter deals with the basic understanding of the CBD
method followed by ZnO nanostructured thin films deposited by the CBD method
for numerous applications. In addition, the different parameters involved in the CBD
process and their influences concerning the growth of ZnO nanostructures by CBD
are also addressed.

2 Chemical Bath Deposition

Chemical bath deposition can be defined as a technique to chemically deposit thin
films on a suitable substrate using a precursor solution consisting of their constituent
compounds. The deposition process of a solid layer on the substrate involves the
controlled precipitation of the desired compound from the solution of its constituents.
The precipitation can be regulated through the control of the different constraints
such as bath temperature, precursor concentration, pH, deposition time, complexing
agents, etc. The process simply occurs when a suitable solid substrate is dipped
into an aqueous solution containing the metal salts, chalcogenides, and complexing
agents to undergo appropriate equilibrium reaction mechanisms.

The basic construction occurring in CBD is shown in Fig. 1 [4]. Initially, the
substrate to be used should be carefully cleaned to etched nucleation sites on the
surface of the substrate. This helps in the proper adhesion of the solid coating on
the substrate surface during deposition. The basic cleaning process can be done by
washing the substrate with detergents, followed by rinsing with distilled water and
scrubbing with ethanol, and finally dried in a hot air oven. Here, the substrate is
immersed in a suitable chemical solution containing metal salts, chalcogenides, and
complexing agents. The precursor solution containing the beaker is placed in bath
solution and stirred well by using amagnetic stirrer with substrate vertically clamped
inside the beaker containing solution. Finally, under control parameters, the precursor
solution undergoes a chemical change depositing a thin film over the substrate.

Chalcogenides are usually chemical compounds that consist of one chalco-
genide anion and at least one electropositive element. In CBD, commonly thiourea
(N2H4(CS)), selenourea (N2H4(CSe)), and water are used as sources for sulfides,
selenides, and oxides, respectively. Complexing agents are chemical additives used
in the preparation of thin films in controlling the concentration of metal ions during
the deposition process. Examples of complexing agents include hexamine (HA),
hydrazine hydrate, diethanolamine (DEA), triethanolamine (TEA), trisodium citrate,
ammonia, malic acid, ethylenediamine tetra-acetate disodium, and hexamethylenete-
tramine (HMTA) [5].

The basic steps followed in the deposition process by CBD are as follows and
taking a simple example of ZnO thin film formation using zinc nitrate, HMTA, the
reaction mechanisms occurring are shown along with.
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Fig. 1 Schematic diagram of Chemical bath deposition process

(a) Equilibrium hydrolysis reaction between water and the complexing agent.

C6H12N4 + 6H2O ↔ 4NH3 + 6CH2O

NH3 + H2O ↔ NH+
4 + OH−

(b) Formation of metal-complex ions.

Zn2+ + C6H12N4 ↔ Zn(C6H12N4)
2+

Zn2+4NH3 ↔ Zn(NH3)
2+
4

(c) Formation of the solid film on the substrate.
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Zn(NH3)
2+
4 + 2OH− → ZnO + H2O + C6H12N4

The kinetics of the growth of thin films is determined by the ion-ion deposition of
chalcogenide on the substrate surface. When the metal salts containing compound is
mixed with chalcogenides in the form of an aqueous solution, precipitation occurs
on the substrate. For deposition of thin film to occur, the value of the ionic product
should exceed the solubility product. However, the precipitation formation should
be maintained in such a controlled manner that bulk deposition does not happen.
To ensure this, the release of the metal and chalcogenide ions should occur in a
steady mode to prevent bulk precipitation. This can be done by using appropriate
complexing agents for trapping the metal ions while controlling the concentration
of the complexants [5]. The strength of the complexing agent should be moderate to
prevent bulk deposition or to get desired uniform film without precipitating out.

During the initial phase of the CBD process, nucleation sites are created on the
immersed surface from the aqueous solution until which deposition rate of film is
almost negligible, and once the nucleation centers are created, film starts to grow
rapidly. Usually, a seed layer is made to form on a substrate before deposition of
thin films because seeding of the substrate can give a substantial impact on the
morphology of nanostructured thin films. The quality of films deposited by CBD,
therefore, depends significantly on the seed layer as the seed layer can drop the
thermodynamic barrier providing some nucleation centers. Again, the morphology
of the CBD synthesized film growth is reliant on the orientation and crystallinity of
the seed layer. Rezaie et al. study the impact of seed layers in controlling the physical
properties of ZnO nanorods (NRs) via CBD with Al-doped ZnO as the seed layer.
The study reveals that the seed layer considerably depends on the morphology and
crystallinity of the growth behavior of ZnO NRs thereby promoting the orientation
and growth rate of the ZnO NRs. The study also reported that the size of ZnO NRs
grown on Al-doped ZnO layers is four percent greater in comparison to those grown
on ZnO layers [6]. Terasako et al. studied the effect of seed layer in ZnO NRs grown
by CBD and also three different seed layers Au/Ti/Si (100), Au/SiO2/Si (100), and
ZnO: Ga (GZO)/glass films are investigated for their influence on the structural
and optical properties of the ZnO NRs grown [7]. The study found that ZnO NRs
are grown preferentially oriented in the c-axis regardless of the different substrate
used and relative photoluminescence (PL) intensity of near band edge emission to
the orange emission increases with more deposition time in the case of ZnO NRs
grown on GZO/glass and Au/SiO2/Si (100) substrate. Further, the average length is
estimated to be ~1100, ~1600, and ~2000 nm, respectively, and the average width
as ~200, ~400, and ~1000 nm, respectively, for GZO/glass, Au/SiO2/Si (100), and
Au/Ti/Si (100), respectively.

Thus, CBD is a reliable solution-based method that is widely employed due to
its numerous advantages. The advantage of CBD over other wet chemistry methods
includes lower deposition temperature, large surface area scaling, low-cost, simple
and easy processing, and the thin films produced by it are uniform and well adherent.
In addition, the controllable characteristics of the film deposited by CBD allow the
production of nanostructures with diverse morphologies.
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3 ZnO Nanostructures

ZnO is an important semiconductor compound receiving tremendous popularity
because of its various interesting intriguing properties having a wide bandgap, high
thermal, chemical, and mechanical stability, large exciton binding energy, and high
mobility [8]. Its abundance in nature, non-toxicity, biodegradability, and ease in
doping despite the above properties makes it a suitable material for diverse applica-
tions [9]. In addition, ZnO being a low cost, easily processible by various techniques,
and diverse morphology synthesis possibility aids the importance of ZnO nanostruc-
tures for versatile applications [10]. ZnO and ZnO-based compounds are advanta-
geous for a vast range of technological applications encompassing gas sensors, solar
cells, supercapacitors, photocatalysis, photodetectors, LEDs, etc. In recent years,
ZnO nanostructures have been grown by employing various techniques including
gas-phase reaction methods such as thermal evaporation, radio frequency magnetron
sputtering, spray pyrolysis, epitaxial method, vapor deposition method, etc. [11].
However, the heavy cost of high temperature and high vacuum requirement condi-
tions for such gas-phase reactions limits the large-scale production of thismaterial. In
this regard, wet chemistry techniques find a good alternative as it is simple, low cost,
and involve low temperature and eco-friendly [12]. In particular, the CBD method is
reliable to deposit thin films because of its simple experimental setup, low cost, and
low-temperature deposition.

4 Growth Parameters Suitable for Depositing ZnO
Nanostructures Based Thin Films by CBD

In the CBD process, pH control is very necessary to find the most suitable growth
conditions. For depositing ZnO thin films, maintaining the pH of the precursor solu-
tion between 9 to 13 is required as pH plays a pivotal role in the solubility of hydrox-
ides and hydronium ions [13]. Many complexing agents are being studied in recent
years in the deposition of nanostructured ZnO thin films. Rakhsha et al. studied the
optimum pH conditions of Cu and Ag-doped ZnO nanowires (NWs) through the
CBDmethod [14]. Using concentration pH diagrams, the behavior of Zn and dopant
complexes are examined which finds that neither highly acidic nor basic environ-
ments are suitable for the growth of ZnO NWs. And, the optimum pH is found at
pH = 10.8 favoring the morphological conditions by inhibiting the formation of
homogenous nucleation. Mwankemwa et al. studied the influence of ammonia in
the growth of ZnO NRs and reveal that presence of ammonia can alter the extent of
supersaturation of the precursor compounds thereby triggering a notable change in
the morphology and thus providing better crystal orientation of the ZnO nanorods
while adding definite amounts of ammonia [12]. The degree of supersaturation is of
three kinds: (1) low supersaturation, (2) intermediate supersaturation, and (3) high
supersaturation. It depends on the chemical precursor solution andpHof the precursor
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solution where substrate and precursor solution interfacial is strongly influenced by
the reaction temperature with the nature of substrate, solution, andmetal ionized salts
present [15]. In CBD growth of ZnO nanorods, hexamethylenetetramine (HMTA)
is popularly exploited as a complexing agent as it offers favorable morphology and
high crystallinity in comparison to other complexing agents [16]. Shi et al. demon-
strated that there are two critical factors to be considered for the growth of ZnO nano
crystallites-concentration of Zinc ions and pH temperature bath [17]. HMTA plays a
dual role in the growth of thin films via CBD. (1) It acts as a buffer pH over a range
of chemical precursor concentrations and solutions. (2) It acts as a capping agent
promoting anisotropic growth. This is possible by forming a strong steric hindrance
effect inhibiting the growth laterally and promoting growth in the vertical alignment
[18]. Another important factor to consider in the CBD process is the deposition
time. Molefe et al. studied the effects of reaction time on structural, morphological,
and optical properties of ZnO nanoflakes prepared by the CBD method [19]. The
study found that the structural properties are strongly dependent on the reaction time
evidencing a change in the structure of the synthesized ZnO with the reaction time
from cubic to hexagonal wurtzite structure. Also, from the optical property study,
absorptionwavelengths are found to be shifted to higherwavelengthswith an increase
in reaction time, and the PL intensity is also increased with increasing reaction time
where the intensity is maximum for one min.

5 Applications of ZnO Thin Films Prepared by CBD

The growth of nanostructured ZnO thin films prepared by the CBD technique
provides usefulness in numerous applications.

5.1 Photocatalysis

The photocatalytic method based on semiconducting nanostructures emerges as
a new kind of water decontamination technique that works by the generation of
hydroxyl radicals through the use of light irradiated semiconductors [20]. ZnOnanos-
tructures have attracted significant interest in photocatalytic applications owing to
their wide bandgap, high exciton binding energy, high stability, and strong emission
characteristics [10]. High exciton binding energy allows the possibility of excitonic
effects at or even above room temperature which subsequently delivers excellent
luminescent properties in the visible and UV region [21]. Although TiO2 is reported
as the most widely used semiconductor for photocatalytic applications, ZnO offers
certain advantages over TiO2. One important factor is its higher overall generation of
oxidizing radicals on its surface and higher absorption efficiency across a large frac-
tion of the solid spectrum. The second point is the higher photocatalytic degradation
of organic dyes of ZnO than TiO2 [22].
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Cirak et al. reported on the photocatalytic applications of decorated ZnO nano
rice via CBD on electrochemically synthesized TiO2 nanotubes arrays (TZN) to
examine photodegradation of Rhodamin B (RhB) under UVA irradiation [20]. The
photocatalytic activity of TZN is observed to be improved with eight chemical depo-
sition cycles providing 95%of theRhBphotodegradation efficiency for themaximum
amount of ZnO deposition in comparison to 65% of bare TiO2 nanotubes. The reason
for the enhanced photocatalytic activity of TZN is asserted to the increased number
of OH− radicals with the decoration of ZnO nano rice, thereby growing the active
centers on the TiO2 arrays.

In another work, Macan et al. synthesized hierarchical ZnO nanostructures by
the CBD method for photocatalytic degradation of 2,5-dihydroxybenzoic acid [22].
The investigation of photocatalytic behavior demonstrates that ZnO films are effi-
cient photocatalysts showing photoactive retention of 80% after ten cycles with no
significant decrease in activity until the ninth cycle.

5.2 UV Photodetectors

UV Photodetector is an important device widely used for numerous applications
such as space communications, water purification systems, ozone layer monitoring,
biochemical analysis, flame sensing, etc. Wide bandgap materials such as GaN,
TiO2, GaP, and ZnO are suitable for UV photodetector devices as their bandgap lies
in the UV region, and their properties featuring good thermal stability and radiation
toughness [23]. UV detectors based on ZnO nanostructures are of immense attention
for photodetector applications because it affords good absorption layers for UV light
owing to its intriguing properties such as wide bandgap, and high exciton binding
energy favor with its cost-effectiveness, simple manufacture, and low deposition
temperature [24]. Also, the defects created in ZnO nanostructures either by Zinc
interstitial or Oxygen vacancies played a significant role in improving its electrical
properties [25].

Shaikh et al. demonstrated the fabrication of Ag/ZnO/Ag (MSM) UV photode-
tector based onZnO thinfilmsprepared byCBDwhichobserve amaximumphotocur-
rent of 113.83 µA at 5 V bias voltage [23]. The device attains good responsibility
with rising time about 9 s and fall time about 21 s suggesting ZnO thin films grown
by CBD as potential candidates for UV photodetector applications.

Gu et al. investigated the vertically aligned ZnO NRs grown by CBD for UV
photodetector applications which exhibited photosensitivity of 2,348 and signal-to-
noise-ratio of 67 dB at 0.5 mol/L concentration which are two important indexes to
evaluate the performance of UV detector device [26]. Further, the minimum rise time
and fall time of 0.993 s and 2.036 s indicate the excellent performance of the device
which is ascribed to the better crystallinity and larger aspect ratio of the ZnO NRs
at 0.5 mol/L concentration of the precursor solution. In another work reported by
Khazali et al. for studying UV photodetector performance of CBD synthesized ZnO
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NRs, photosensitivity of 58% and maximum current gain of 1.52% under UV illumi-
nation of 385 nm at a bias voltage of 5 V [27]. Also, in their work, a steady photocur-
rent is observed after several cycles showing good stability and reproducibility, thus
revealing ZnO NRs as potential candidates for UV photodetectors applications.

5.3 Solar Cells

Solar cells are eco-friendly energy harvesting techniques that are enormously utilized
in modern technology to meet the energy requirements of humanity sustainably.
Oxide semiconducting materials being easy in fabrication and possessing efficient
charge collection properties emerge as one of the feasible alternatives for solar cells in
replacement for silicon where silicon is the most conventional used material for solar
energy technology but limited due to its unbalanced cost and less efficiency. Among
them, ZnO nanostructures are one of the promising materials owing to their suitable
band gap and good absorption properties. In addition, the diverse morphologies of
ZnO nanostructures make it gain more interest for its versatile applications. 1-D
ZnO nanostructures such as nanowires, nanorods, nanobelts, nanotubes, etc. draw
significant attention for potential applications in dye-sensitized solar cells (DSSCs)
which is provided by its morphological advantage inefficient transport of photogen-
erated excitons [28]. Good alignment, large surface area, and length to diameter
ratio are very important for photovoltaic applications [8]. ZnO is also studied as an
anti-reflecting coating in solar cells owing to its interesting features such as easy
processing, abundance, appropriate refractive index (~1.9), good transparency, and
wide bandgap. Anti-reflective coatings are important to enhance light absorption in
silicon solar cells. For attaining an anti-reflecting coating effect on a silicon surface,
the anti-reflectingmaterials used should be transparent and its refractive index should
be between air and silicon.

Qu et al. reported a study on chemically bath deposited ZnO nanorods as ARC in
silicon solar cells [29]. The multiple light scattering of ZnO NRs is induced by its
light-trapping structure and thereby decreasing the reflectance of silicon solar cells.
Thus, in their work, the photovoltaic conversion efficiency of polycrystalline silicon
solar cells while using ZnO NRs as an anti-reflective layer is increased by 170% in
comparison to that without ZnO NRs based anti-reflective layer. The reason lies in
the effective reduction of optical loss through the decrease in reflection and enhanced
photon absorption by the utilization of ZnO-based anti-reflective coating.
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Fig. 2 XRD spectra of ZnO nanocolumns prepared by CBD on a seeded ZnO layer at 400 °C

6 Characterization of ZnO Nanostructures-Based Thin
Films Grown by CBD Technique

6.1 XRD Study

Figure 2 shows the XRD pattern of ZnO nanocolumns (NCs) synthesized by CBD
from the ZnO seed layer at 400 °C [30]. The XRD spectrum depicts diffraction peaks
corresponding to (100), (002), (101), (102), (110), (103), (112), and (201) phases
attributing to the hexagonal wurtzite structure whichmatches well with standard card
No. 01–070-2551. The observance of a sharp peak in the XRD spectrum indicates
the good crystallinity and the incomparably most intense peak for (002) reflection
compared to all the other peaks specifies the preferential orientated growth of ZnO
NCs concerning the c-axis.

6.2 SEM Study

SEM images of pH-controlled ZnO NRs deposited on a glass substrate via CBD
are shown in Fig. 3 [31]. The morphology of the ZnO NRs for growth conditions at
different pHs of 9.5, 10.5, and 11.5 is illustrated in both low- and high-resolutionSEM
images which evidenced the formation of vertically aligned hexagonal ZnO NRs on
the substrate regardless of the different pH control. However, with the increase of pH
value, the average size of the ZnO NRs is observed to be larger and the density of the
ZnO NRs also increases. At lower pH (pH = 9.5), the observance of non-uniform
distribution of the NRs and lack of alignment is due to the homogenous nucleation
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Fig. 3 SEM images of ZnO NRs synthesized via CBD at different pH growth conditions a, c, e
lower magnification images at pH = 9.5, 10.5, and 11.5, respectively, b, d, f higher magnification
SEM images at pH = 9.5, 10.5, and 11.5, respectively
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at the initial stage of growth. At pH = 10.5, heterogenous nucleation begins to
dominate over homogenous nucleation promoting the growth on the substrate where
the diameter of the NRs is observed to be increased from approximately 264 nm at
pH = 9.5 to around 379 nm at pH = 10.5. The maximum diameter of the NRs is
estimated to be around 712 nm at pH = 11.5 featuring the most uniform and densely
packed NRs among the three pH conditions. The significant increase in diameter of
theNRs at pH= 11.5 is ascribed to the heterogeneous nucleation process of ZnONRs
and more release of ammonia affecting the growth ensuring the vertical arrangement
of the NRs, thereby suggesting the optimum growth conditions of ZnO NRs at pH
= 11.5.

6.3 Raman Study

Raman study: Fig. 3 displays Raman spectrum of ZnO NCs prepared via CBD from
ZnO seed layer at 400 °C [30]. As seen from the spectrum, two well-defined vibra-
tional peaks are centered at around 97 and 436 cm−1 which corresponds to E2 low
(E2L) and E2 high (E2H). The Raman peaks are further deconvoluted using the
Lorentzian function assigning to E2L, A1(TO), E2H, A1(LO), and linear combina-
tions 2E1L, E2H-E2L, 2LA, TA + LO. The vibrational modes are ascribed to the
hexagonal wurtzite structure of ZnO with the E2L and E2H modes corresponding to
the Zinc sublattice and Oxygen sublattice, respectively.

6.4 PL Properties

Figure 4 shows the PL spectra of ZnO NRs grown by CBD with different molar
precursor concentrations Zn(NO3)2:C6H12N4 [21]. The spectra display two kinds of
emission peaks-sharp intense emission in the range 370–400 nm corresponding to
near band edge emission peak (NBE) and the broad emission at around 500–800 nm
range attributing to defect level effects emission (DLE) in all the three different molar
precursor concentrations. The exhibition of NBE is due to the recombination of the
free excitons and DLE signifies the defect states originating from oxygen vacancies
and zinc interstitials. And, the relatively strong PL intensities of NBE as compared
to DLE indicates the good crystallinity of ZnO NRs with fewer structural defects.
Again, with increasingmolar ratio from 1:0.1 to 1:1, the observance of the significant
increase in the PL intensity of NBE indicates the better crystallinity of the NRs with
more concentration of HMTA, thus showing enhanced optical properties at a 1:1
molar ratio. However, with more increase of HMTA concentration at 1: 2 molar
ratios, the relative PL intensity decreases which is probably due to the increase in
defect levels.
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Fig. 4 Raman spectra of ZnO nanocolumns via CBD at 400 °C

Fig. 5 PL spectra of ZnO NRs at different molar concentrations of Zn(NO3)2:HMTA
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Fig. 6 UV–Vis spectra of ZnONRs grown by CBDmethod for different molar ratios of Zn(NO3)2:
HMTA

6.5 UV–Visible Study

Figure 6 shows the UV–Visible absorbance spectra of ZnO NRs grown by CBD
method varying molar ratios of precursor solutions (Zn(NO3)2:HMTA [21]. The
spectra display the clear observance of absorbance peak located at around 350–
380 nm which are the characteristics of ZnO NRs high excitonic energy in all
the different molar ratios. However, the observance increases with the increase in
molar ratios of Zn(NO3)2:HMTA. The reason is asserted to the improved surface
morphology and crystallinity of the NRs at higher molar ratios.

7 Conclusion

In summary, chemical bath deposition is a reliable technique to grow nanostruc-
tured diverse morphologies of ZnO thin films uniformly and well adhered. However,
control parameters in the CBD process strongly influenced the growth rate of films.
So, it is essential to choose suitable growth conditions like maintaining the pH of the
chemical precursor solution, bath temperature, and deposition time primarily. The
pH of the chemical bath can be controlled by mixing proportionate ratios of metal
salts and complexing agents in the precursor solution to prevent any homogenous
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nucleation from occurring on the substrate. This can lead to the better crystallinity
and good orientation of the CBD synthesized thin films which are again important
factors for ZnO-based thin film applications in photovoltaic, sensing, UV detectors,
etc., and has been reviewed in this chapter.
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Chapter 7
Recent Trends and Research Challenges
on Supercapacitor

Pukhrambam Sushma Devi and Bibhu Prasad Swain

1 Introduction

Fossil fuel has been a major source of energy since Industrial Revolution. It was esti-
mated that the total world demand for fossil fuel energy was more than 13.5 BTOE
(billion tons of oil equivalent) and it will cross more than 18 BTOE by 2035 [1, 2].
There is massive depletion in natural resources which resulted in problems related
to the economy and the carbon cycle. Increasing demands for the consumption of
energy stimulate the need of developing different variants of energy. Issues were
rising in various domains such as generation and storage of power. Researching
and developing technology for generating power based on renewable energy has
become part of mitigation strategies. Most of the renewable energies are converted
in the form of electricity, except for biofuels. As a result of this, the importance of
creating a platform for storing electrical energy such as batteries and supercapacitors
have evolved [3, 4]. Among other energy-storing devices, the supercapacitor is the
most efficient. The gap between ion batteries and conventional capacitors is bridged
by supercapacitors. The many advantages of supercapacitors include no pollution,
easy maintenance, lower cost, high density of energy and power, fast charging and
discharging, long life cycle, and ability to discharge high current instantaneously
[5]. In the last few decades, many changes were seen in the field of the develop-
ment of supercapacitors, mainly the introduction of materials that are nanostructural
engineered. Nanostructured materials show comparatively better behavior than bulk
materials as they have a high surface area and sufficient active sites for reaction. They
also have better chemical properties compared to bulk materials [5].
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2 Supercapacitor

Supercapacitors, an electrical energy-storing devices, was developed around 1970–
1980 to store energy by using polarized electrolyte which works differently from
the chemically powered traditional system. Technically, it is devices with the perfor-
mance that link the gap between the traditional capacitors and ions batteries [5].
They are becoming the potential options in various fields that demand high and
stable energy. They are suitable for quick storing and releasing systems [2, 6].

3 Working of Supercapacitors (SCs)

Supercapacitor stores energy in conductive materials with suitable electrolyte
electrochemically by two mechanisms.

(a) On the polarized surface, adsorption (electrostatically) of charges occur. Then,
the redox reactions (reversible) of surface electroactive species occur [7, 8].

(b) The redox reaction continued on the active or redox electrodes, such as
hydroxides or oxides of metals and conductive polymers [8].

Both the mechanisms are associated with high reversibility and fast charging and
discharging processes which make these materials completely different from the
traditional battery-like electrode [8] (Fig. 1).

4 Characteristics of Supercapacitors

Without the loss of significant capacitance, supercapacitors can be charged and
discharged several times very quickly, in terms of milliseconds. This will be a very
important feature for a system like electric vehicles and various other electronic
devices where uptake or delivery of high power, long stable cycle, and demands of
variable power are required where conventional batteries have limitations [8]. More-
over, the supercapacitor also shows excellent performance at low temperatures. The
supercapacitor can store energy when not in use and improve the efficiency of the
power supply system. And with this ability, supercapacitor shows its potential appli-
cability in the field of harvesting renewable energy and many modern electronics
projects [8].
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Fig. 1 Different electrolytes, materials, and configurations of supercapacitors [8]

5 Comparison of Supercapacitor and Other
Energy-Storing Devices

6 Challenges of Supercapacitors

The supercapacitors show the excellent characteristics and potential of filling the
gap between conventional capacitors and ion batteries. But still, many shortcomings
need to be addressed before entering into the market for future needs (Table 1).

Themajor problemof supercapacitors being the lower energydensity (<20Wh/kg)
compared to the ion batteries (30–200 Wh/kg) [5, 9, 10]. More research and devel-
opment are still needed to field the gap and to overcome the difficulties facing the
field of supercapacitors. Due to the lower energy density of supercapacitors, they are
bulky. To make it compact, energy density needs to be high ad this can be obtained
by using a suitable electrode in double-layered capacitors thereby increasing the
surface area of operation or by increasing the operating voltages. To improve the
capacity of storage, new electrodes of active materials and electrolytes with better
electrochemical performance need to be found out and it could be a difficult task [5].

Because of the ability of supercapacitors to discharge high energy, it becomes
the main area to focus the impact it will be giving on the load. Reliable designs
need to be developed to study these parameters like fluctuation of load, system
stability, etc. [5]. Supercapacitors have a very low voltage rating lower than 2.7 V.
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Table 1 Comparison of supercapacitor and other energy-storing devices

Category Advantages Disadvantages

Super capacitor It has a high density of power,
cycling life is long, charging speed
is fast, and can discharge high
current. It shows excellent
performance at low temperatures.
Charging and discharging are
simple [5]

It has a low density of energy [5]

Sodium-ion battery It has high energy density and
stability. Charging and discharging
are fast and show no
over-discharging characteristic. It
has a long life cycle and is very
safe. It has a very vast range of
applications. It is rich in sodium
and access to the required raw
material is easy. Its waste is easy to
recycle and is free of pollution [5]

Compared to lithium-ion batteries,
it has a higher threshold and shows
the worst electrochemical
performance and its storage is a
major concern [5]

Lithium sulfur battery Cost is low and has a high density
of energy. The toxicity level is low
and environmental pollution is low
[5]

Performance is poor and coulomb
efficiency is also low. It has poor
cyclic life and stability [5]

Lithium-ion battery It has a huge working platform. It
has a high density of energy,
cycling life is long. Charging and
discharging are comparatively fast
but have a small self-discharge
rate. It can work in large
temperature range and shows good
safety performance. No pollution
and memory effect [5]

Cost is high. Large current cannot
be discharged. Line protection is
required to protect against
overcharge and over discharge [5]

This left us with the only option to connect supercapacitors in series for practical
applications. Overcharging has also seriously impacted the life of capacitors, which
is a very important concern as many applications demand the need for charging and
discharging high current [5].

7 Electrode Materials for Supercapacitors

Characteristics of supercapacitors such as capacitance and charge storage depends on
the material which is used as an electrode. The capacitance depends on the effective
operating area, known as electrochemically active surface area, of the electrode
materials which is assessable for interaction with electrolyte [2, 11]. Largeot et al.
claim that the size of the pores in the electrode material should be similar to that of
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the size of the ion in the electrolyte to increase capacitance as smaller or larger pore
size will reduce capacitance [2]. The pore size of the conducting electrode materials
can be easily configured by deploying nanostructured materials which in turn will
enhance the electrochemically active area [2, 12].

The above figure shows the effect of pore size on capacitance. The normalized
capacitance increases ultimatelywhenpore size changes from1.1 to 0.7 anddecreases
on further decreasing the pore size. However, much research yet needs to be done
to conclude that the porosity and capacitance have a straightforward relationship
[2]. Various active materials used are based on carbon, materials based on carbon,
conducting polymers, andmetal oxides [2, 13–16]. Some popular electrodematerials
are discussed as follows:

7.1 Carbon-based Materials

It is one of the most vastly researched materials for making electrodes. It has a high
surface area, excellent conductivity and capacitance, thermal and chemical stability,
reliable mechanical properties, less toxic, low cost, and abundance are the major
reason for the ultimate attraction of the electrode based on the carbon-basedmaterials
especially in EDLC [17, 18] (Fig. 2).

Fig. 2 Effect of pore size on capacitance. Adapted with permission from [12]. Copyright © 2008,
American Chemical Society
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7.2 Activated-Carbons

It is one of the most researched materials which has application in making electrodes
for supercapacitors. It has shown huge potential for supercapacitors as it provides
excellent surface area and electrical performance at an affordable price. It can be
synthesis from biological waste which also exhibits various kinds of morphology.
Their pore size is known to be tuneable.

7.3 Carbon-Nanotubes (CNTs)

It is a classic one-dimensional carbon material. They can be classified as single and
multi-walled CNT and can be prepared by various techniques. They are lightweight,
has good electrical conductivity, large surface area (1,600 sq.m/g), and intrinsic
flexibility, making them the prominent material for supercapacitor electrode [19].
But their actual capacitance is low compared to their theoretical value as their
internal resistance and micro-pores affect the performance. Also, regularly aligned
carbon nanotubes perform well than the irregularly entangled carbon nanotubes in
transferring ions.

7.4 Graphene

It is a structurally two-dimensioned carbon material. They can be prepared by
methods like reducing graphene oxides, strippingmechanically, solvent-spalling, and
CVD. CVD was a successful technique in synthesizing three-dimensional graphene
structures grown on the catalytic metal foam of nickel, cobalt, etc. Graphene foam is
a better candidate for preparing comparatively lightweight, flexible, highly conduc-
tive, and stable electrodes with a large surface area [20]. But it has a disadvantage
when considering its typically large pores diameter. Due to excellent thermochemical
properties, large surface area, high cyclic life, and processability, graphene has been
widely studied to take advantage in the field of energy-storing devices [21–25].

7.5 Conducting Polymers

It is also one of the widely studied areas for preparing electrodes. It exhibits many
potential features like tuneable morphology, the ability to be doped and undoped
fast, etc. Due to the capabilities of reversible Faradaic redox reaction, high energy
density compared to metal oxides, and lower cost of conducting polymers, several
studies have been extensively carried out for supercapacitor applications. Conducting
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polymers can be engineered with nano-architectures to provide higher porosity and
surface area, which will increase performance. Studies have also shown that using
conducting polymers, retention of capacitance increases up to 83% after a complete
cycle of 15,000 [20].

7.6 Polyaniline

It is also among the notably attracted conducting polymers. It is generally synthe-
sized chemically by polymerizing aniline in an acidic environment. It shows a huge
potential in the application of energy-storing devices as it has excellent electrical
activity, stability, and low cost. However, in bulk state, it is not effective due to lower
surface area. Thus, polyaniline with nanostructures has much interest for superca-
pacitor electrodes [26, 27]. Studies have also shown that polyaniline composites with
metal oxides have significantly high pseudo-capacitance.

7.7 Polypyrrole

It is a unique conducting polymer that is known to possess promising features for
electrodes application. It shows high electrical conductivity, thermal stability, and
high energy density. Charging and discharging are fast and the cost is low [28]. These
features make polypyrrole, one of themost important conducting polymers. Its major
advantages include easy processability, stability, excellent specific capacitance, high
energy density, reversible electrochemical doping, etc. It can be significantly applied
in the manufacturing of high-end flexible supercapacitors.

7.8 Metals Oxides

For supercapacitor electrodes, due to their mesoporous structures, metal oxides like
nickel oxides, manganese dioxide, cobalt oxide, and ruthenium oxide are widely
studied. The mesoporous structures provide higher surface area and uniform pore
distributions [29, 30]. Metal oxides have high specific capacitance due to effective
interactions of the electrolytes and electrodes. They also exhibit several properties
which are exceptionally suitable for selecting materials for engineering. Being easier
to prepare largely and considerably cheaper, among several solid inorganicmaterials,
nanoparticles of magnetic metallic oxide possess attractive properties [31, 32]. For
electrode application in supercapacitors, magnetic metallic oxide like perovskite-
oxide and spinel-ferrites have outstanding performance due to their higher energy
density, higher power, better retention of capacitance, and stable performance in the
longer-term [31, 33, 34].
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7.9 Transition Metal-Sulfides

Transition metal-sulfides are known for their outstanding electrochemical properties
like distinct crystal lattice structures, very high conductivity and specific capacitance,
excellent redox action, and lower electro-negativity [31, 35]. Owing to these prop-
erties, they are considered to be potential candidates for the application of storing
energy. And it is also reported that they are far more superior than metallic oxide
in terms of electrochemical properties [31, 36–38]. They show promising characters
in utilizing them as electrodes in supercapacitors applications. Some notable metal-
sulfides include nickel sulfide, cobalt sulfide, iron sulfide, molybdenum disulfide, tin
sulfide, manganese sulfide, tungsten sulfide, etc.

7.10 Composites

Carbon-based electrodematerials have lower specific capacitance compared tometal
oxides and conducting polymers [39, 40]. But metal oxides and conducting poly-
mers have comparatively low charge/discharge cycle stability. This restricts their
development in supercapacitor applications. However, using composites materials,
these challenges can be reduced and improve the performance of supercapacitors.
Composite materials have also been shown to have higher energy density (Fig. 3).

8 Electrolytes

In energy-storing devices, electrolytes are the essential elements. It provides ionic
conductivity between the electrodes in a cell [41]. Supercapacitor’s performance is
also predicted by it. The energy and power density of the system depends on the
nature of the electrolytes used.

Important factors to consider while choosing electrolytes are:

(1) type and size of ions
(2) the materials of the electrode
(3) the concentration of ions and solvent
(4) interaction of solvent and ions
(5) the potential window
(6) less toxic
(7) relatively lower viscosity, resistivity, and volatility

Electrolytes can be broadly divided as (Table 2):

(1) liquid electrolytes (organic, aqueous, and ionic liquid)
(2) solid/quasi solid electrolytes (inorganic and organic).
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Fig. 3 Various active materials used as electrode in supercapacitor applications [14]. LICENCE
by CC BY 4.0 © 2014 The Authors. Energy Science & Engineering published by the Society of
Chemical Industry and John Wiley & Sons Ltd

Table 2 Specific capacity of
graphene-based
supercapacitors on different
electrolytes

Electrolytes Specific capacitance

Ionic liquid electrolytes 75 F/g [50]

Aqueous electrolytes 135 F/g

Organic electrolytes 99/g [51]

8.1 Aqueous Electrolytes

It can be further classified into three subtypes: acidic, alkaline, and neutral solutions.
It shows good electrical conductivity better than ionic liquid and organic electrolytes
and hence supercapacitors using these electrolytes will exhibit higher specific capac-
itance than using organic electrolytes. They are selected based on the mobility of
anions and the size of hydrated cation [2]. Its limitation is the narrower potential
window compared to that of organic electrolytes which exhibits a wider range.
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8.2 Organic Electrolytes

Due to the low cost and high potential window in the range 2.5–2.8 V, organic
electrolytes dominate the commercial market of energy-storing devices [41]. Due to
a large potential window, it can store and release high energy compared to aqueous
electrolytes.

8.3 Ionic Liquid Electrolytes

Ionic liquid electrolytes are pure salts in liquid form. They are known to appear to
replace organic and aqueous electrolytes because of their high chemical and thermal
stability, non-flammability, very low vapor pressure, and wide operating potential
range; ionic liquid electrolytes show huge potential to operate at higher temperatures
[2].

9 Scope of Supercapacitors in Future

Todaywith the advancement in electronic technology, there is a rapid advancement in
many portable devices. Developing flexible, light, and small energy-storing devices
with excellent electrochemical properties is the need of the future [42–44]. Micro-
supercapacitor will have excellent properties like high power delivery, higher rate,
and frequency response of operation [45, 46]. Hybridization of battery and superca-
pacitors will help in the future to solve the problem of supercapacitors having lower
energy density [5]. Also, the hybrid devices have the potential to provide a long and
stable performance cycle and lower cost [47–49]. Supercapacitor will become insep-
arable from the advancement of science and technology and the future demands.
Supercapacitor development will grow rapidly in the future.

10 Conclusion

Considering the increasing needs and demand for environmentally friendly and effi-
cient energy-storing devices, many have shown interest in the development of super-
capacitor which has great potential in diverse fields. In the future, there will be a
huge market for supercapacitors. However, there are many problems related to these
supercapacitors which need to be addressed and resolved. Also, proper selection of
materials for making electrodes and electrolytes is necessary to be able to perform
well in every adverse condition. Several materials such as activated carbon, carbon
nanotubes, graphene, conducting polymer, polyaniline, polypyrrole, metal oxides,
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and transition metal-sulfides already show the potential for preparing electrodes.
Carbon-based materials are of ultimate attraction mainly because of high surface
area, excellent conductivity and capacitance, thermal and chemical stability, reliable
mechanical properties, less toxic, low cost, and abundance. Intelligently selected
electrolytes considering suitable characteristics regarding ions, materials for elec-
trodes, toxicity, resistivity, volatility, etc. will result in better performance. Aqueous
electrolytes show better electrical conductivity than ionic liquid and organic elec-
trolytes. But organic electrolytes can store and release high energy, compared to
aqueous electrolytes, due to the large potential window. More research is still needed
to reduce the production cost, increasing energy density, and suitable electrode and
electrolyte material combinations.
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Chapter 8
Magnetic Nanoparticles in Wastewater
Treatment, Supercapacitor,
and Biomedical Applications

N. Joseph Singh, Boris Wareppam, and L. Herojit Singh

1 Introduction

Nanoparticles are defined as particles having dimensions in the nanometer range
(1–100). Reviews and earlier reports show that the dimensions having higher than
100 nm are considered nanoparticles. In general, the dimension of the nanoparticles
can be defined as the dimension from which the particles experienced a transition in
the properties from that of the bulk. NPs have a high surface area comparing to their
volume, as a result of which it is highly reactive, versatile, and strong as compared
to the bulk [1].

Magnetic nanoparticles (MNPs) are one of the most important, useful nanoparti-
cles, and as a result of which these nanoparticles have become an alarming topic in
modern research and applications. These nanoparticles are usually metal oxides such
as iron oxides and ferrites [2]. Magnetic nanoparticles are composed of metals like
cobalt, nickel, iron, and alloys [3]. These particles show strong magnetic moments
in the presence of the external magnetic field. MNPs are zero-dimensional inor-
ganic materials having metal-based configurations. Cubic iron oxides, i.e., magnetite
(Fe3O4) andmaghemite (γ-Fe2O3), contribute to a large extent inmedical application
due to their low toxicity and their metabolic pathways to take actions or chemical
interactions. They have intrinsic and unique properties such as physical properties
[4], chemical properties, stability [5], mechanical properties, magnetic susceptibility,
biocompatibility [6], high saturation magnetization, and less toxicity [7, 8]. As a
result of these exclusive properties they are used in various fields, such as industrial,
environmental, analytical, and biomedical applications. MNPs, due to their distinc-
tive physical and chemical properties, have attracted much attention particularly in
biomedical applications and superior magnetism. These properties make MNPs a
potential for the applications such as in MRI [9], delivery of drugs [10, 11], hyper-
thermia [12, 13], separation of cells [14], magnetic energy storage [15], spintronics
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[16], and supercapacitor. Magnetic nanoparticles are used in wastewater treatment.
They are used as photocatalysts and adsorbents in waste water treatment due to
their photocatalytic properties, large surface area, chemical stability, nontoxicity,
and natural availability [17].

2 Properties of Magnetic Nanoparticle

The properties of magnetic nanoparticles depend upon the composition, particle size,
and cation distribution over the A or B site. Also, it depends upon the particle shape.
Magnetic nanoparticles with spinel structure are mostly hard magnetic material,
high coercivity, moderate saturation magnetization [18], superparamagnetic, and
spin canting. These properties are due to magnetization effects on the surface and
the single or multi-domain effect. The features that define the properties of magnetic
nanoparticles are:

(a) Finite-size effects or the single domain or multi-domain. In this condition,
the particles are magnetized uniformly and all the spins are aligned unidirectionally.
Superparamagnetism is themost studied finite-size effect in the small particle system.
The magnetic behavior of an individual nanoparticle is dominated by the finite-size
effect. With the absence of multi-domain walls, the contribution from the domain
wall motion which reduces the coercitivity is eliminated.

(b) Surface effects: the breakage of symmetry of the crystal at the surface results
in this effect. As the size of the nanoparticle is reduced, most of the atoms in a
nanoparticle are at the surface. Since the number of surface atoms is large, surface
magnetization becomes significant. A magnetic nanoparticle usually consists of a
single domain particle with magnetocrystalline anisotropy. The magnetic moment
orients either up or down along the easy axis. The magnetic properties will depend
upon the direction of magnetic moments. The presence of defects on the surface such
as vacancies (atomic), oxidation, bond dangling, and lattice disorder or strain results
in disordered spins leading to surface magnetization.

2.1 Superparamagnetism

Superparamagnetism occurs in small ferromagnetic or ferromagnetic nanoparticles
[19]. With the effect of temperature, the magnetization of the particle randomly flips
direction. Neel relaxation time is the typical time between two flips which is given
by

τ = τ0 exp
(�E/KBT )

where τ 0 usually ranges between 10–12 and 10–9 s [20].
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In the absence of an external magnetic field, two energetically equally favorable
directions are parallel to the easy axis of magnetization. The energy barrier�E of the
size KV separates these two directions and if the thermal energy KvT is high, then
the barrier can be overcome and the grain’s magnetization changes direction. The
symmetry between the two magnetizations along the easy axis is broken by the non-
zero magnetic field. When magnetization points along the external magnetic field,
the energy of grain are lower than when it points in the opposite direction. Energy
barriers for jumping from magnetization along the external field to magnetization
opposite to the external field are much bigger than the reverse.

Superparamagnetic nanoparticles have no moment when the external magnetic
field is removed. The nanoparticles react similarly to a paramagnet when an external
field is applied. But their magnetic susceptibility is very large compared to a
paramagnet. Superparamagnetic behavior is observed below the Curie temperature.

3 Synthesis of Magnetic Nanoparticles

3.1 Magnetic Nanoparticle is Synthesized Using Different
Techniques as Follows

(i) Co-precipitation method
(ii) Hydrothermal method
(iii) Sol–gel method
(iv) Auto-combustion method, etc.

Of these methods, the co-precipitation method is most favorable and extensively
used.With this process, a large number of nanoparticles can be obtained. It is simple,
low cost, purity of nanoparticles, and plays an important role in controlling the size
of the nanoparticles. It is a low-temperature synthesis method and can be used to
study the various properties of the nanoparticles by varying the following factors such
as pressure, concentration, pH, stirring speed, reaction time, and nature of precur-
sors. Some important magnetic nanoparticles synthesized using the co-precipitation
method is as follows:

(a) Synthesis of magnetite (co-precipitation method): One of the easiest way
and commonly usedmethods to synthesizedmagnetite is the co-precipitationmethod.
FeCl2 and FeCl3 are dissolved in distilled water and heated up to ~80–100 °C with
continuous stirring. A basic solution such as NaOH or NH3 is added rapidly and a
black dispersion is obtained. After stirring slowly, the dispersion is cooled down and
then washed and centrifuged to obtain particles in water dispersion or dried form
(Fig. 1).

(b) Synthesis of Cobalt ferrite: Using the co-precipitation method Cobalt Ferrite
nanoparticles can also be easily synthesized. CoCl2 (aq) and FeCl3 (aq) solution
with molar concentration 1:2 is prepared and the solution mixture was stirred
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Fig. 1 Flowchart showing the synthesis of magnetite (Fe3O4)

magnetically for ~40–50 min at ~80–100 °C. After nucleation, NaOH/NH3 solu-
tion was added under vigorous stirring. The nanoparticles were washed repeat-
edly with double distilled water after bringing the solution to RT. The sample was
collected after centrifuging and washed. The samples are dried in the oven for further
characterization (Fig. 2).

Fig. 2 Steps to synthesize cobalt ferrite nanoparticles (by co-precipitation method)
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4 Some Applications of Magnetic Nanoparticles

4.1 Wastewater Treatment (Photocatalysis, Degradation,
and Adsorption)

Photocatalysis: In the photocatalytic process, light is used to initiate a substance
without being involved in itself and alters the rate of the chemical reaction. Photo-
catalyst which is usually a metal oxide is defined as a material that is capable of
absorbing light enabling the production of electron–hole pairs that allow chemical
transformations to break down the organic matter. In the photocatalytic process, the
metal oxide activated by light generates two radicals (OH andO2

− radicals) by oxida-
tion of OH−1 anions and reduction of O2, respectively. These radicals and anions
act or react with toxic pollutants to break and transform them into lesser harmful
by-products like CO2 and H2O.

Metal oxides have shown promising activity as photocatalysts in the removal
of many toxic pollutants such as dyes, pesticides, pharmaceutical products, etc.
Composites of nanoparticles show higher efficiency in removing these by-products.
Some of the metal oxides and nanocomposites and their corresponding organic
pollutants are shown in Table 1.

Magnetic nanoparticles such as iron oxide and cobalt ferrite are promising photo-
catalysts. It was reported that α-Fe2O3 with a low band-gap of 2.2 eV is suitable as
a photocatalyst [33]. The generation of electron–hole pairs through these band-gap
enables this photocatalytic activity. This iron oxide nanoparticle has been reported for
photodegradation of dyes such as congo red, methylene blue, methyl blue, etc. [34]
due to its catalytic and effectiveness in wastewater treatment.Magnetic nanoparticles
have been used widely as photocatalysts, but due to the electron–hole recombination
being very fast on the surface, the declination of activity is frequently observed. The
addition or dopping of some metal on metal oxide nanoparticles can be a way to get

Table 1 List of photocatalyst and their corresponding Organic pollutants

Photocatalyst Organic pollutants or dye References

(a) TiO2, (b) V2O5, (c) ZnO, (d)
Fe2O3, (e) CdO, (f) Fe3O4, (g) CdS,
and (h) Al2O3

Azo dye, acid orange 7, methylene blue,
alizarin S, methyl red, Congo red, orange
G, Imidacloprid

[21–23]

(i) TiO2 Alizarin S, Congo red, methylene blue,
Crocein orange G, methyl red

[24, 25]

(j) ZrO2 Orange G, amido black, remazol brilliant
blue R

[26]

(k) Composites of CuO-SnO2, (l)
ZrO2-TiO2, (m) SnO2/TiO2, (n)
TiO2/WO3, (o) Fe2O3/SnO2, (p)
TiO2-ZrO2, (q) ZnO-SiO2, and (r)
CNTs-CoO-TiO2

Acid blue 62 dye, 4-chlorophenol,
rhodamine-B, methylene blue, acid blue
62, phenol, and Hg (II) reduction

[27–32]
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rid of such a problem. For example, gold/iron oxide aerogels were used as photo-
catalysts. Under the illumination of UV light, the gold doped iron oxide degrades
Blue 79 azo dye [35]. The gold particle served as the site for electron accumulation
under UV light irradiation and enables the transfer of surface electrons. The better
separation between electrons and holes would allow a better efficiency for oxidation
and reduction reactions, thus enhancing the photocatalytic activity.

Degradation: It is a process in which the dye molecules are broken down chemi-
cally or degrade into smaller molecules with or without sunlight is called dye degra-
dation/photocatalytic degradation. Nontoxic smaller molecules like carbon dioxide,
water, and mineral by-products are the resulting products after degradation. Not all
of the dye molecules are used during the dyeing process. A percentage of these
dye molecules are released as wastewater from industries and factories. As most of
the dye molecules are not reactive toward the light, in acidic or basic solution and
oxygen, therefore, the dye molecules persist in the environment.

Heterogeneous photocatalysis is one of the modern methods widely employed for
the degradation or bleaching of the dyes. The transfer of electrons from the valence
band to the conduction band of a semiconductor surface is involved in this process
with the illumination of the proper wavelength of light. In this process, the generated
ions react with oxygen or water and produce hydroxide radicals and peroxide anions.
These species have the oxidizing power to degrade or break down chemicals such as
harmful dyes present in water [36]

Adsorption: It is one of the physical–chemical techniques which is most simple
and economical to remove the dye and adsorbed chemicals [37]. It is employed to
remove various compounds from wastewater. Adsorption is one of the best wastew-
ater purification techniques. Adsorbents have a high internal surface area that allows
the adsorption of dyes and molecules. So, the magnetic nanoparticle can be a good
adsorbent due to its high surface area.Also, due to itsmagnetic behavior, the adsorbed
molecule or dyes can be separated easily from the solution. The use of traditional
methods is not efficient to decolorize the dyes from wastewater. The advantage
of using this technique over others is its flexibility, simplicity, low cost, and easy
operation, and lack of sensitivity to toxic pollutants is found in adsorption [38].

It is reported that the use of other particles such as active carbon has proven to
be a good adsorbent and is a much-used technique because of maintenance costs
and the low energy, reliability, and simplicity. An active carbon column requires a
limited amount of maintenance and supervision. The effectiveness of the adsorption
treatment depends on the type of substance to be removed. Substances with low
water solubility and a high molecular weight are better adsorbed with active carbon.
Magnetic nanoparticles such as iron oxide and their oxidized formhave proven to be a
good adsorbent of dyes such as methyl blue and methylene blue [39]. The addition of
alkali cations in iron oxide nanoparticles was found to be effective in the adsorption
and degradation of dyes than the bare iron oxide nanoparticles as shown in Fig. 3
[40].

The amount of dye adsorbed can be calculated using the following relation.



8 Magnetic Nanoparticles in Wastewater Treatment … 137

Fig. 3 a The UV-vis absorbance spectra of methyl blue dye in the presence of bare iron oxide
nanoparticles (M), M–XCl, and M–XOH. b The adsorption of methyl blue by bare iron oxide
nanoparticles (M), M–XCl, and M–XOH; X = Li, Na, K [40]

qt = [C0 − Ct ]
V

m
,

where qt is the amount of dye adsorbed at time t, C0, and Ct is the initial and final
concentration of dye at a steady time ‘t’s in mg L−1, V and m is the volume of dye
in L, and the weight of the nanoparticle in g, respectively.

4.2 Biomedical Applications

(a) MNPS in drug delivery

Chemotherapies are usually practiced for cancer treatment and this method not only
damages the sick cells but also the healthy cells as well [41]. So, it is important
to choose and search for an alternative to getting rid of such problems. Magnetic
nanoparticles can be ameans to overcome this problemby carrying the healing agents
to the specific target area and release the drugs with the help of an external magnetic
field. When exposed to an external magnetic field the magnetic nanoparticles carry
drugs to the target area and acts on it [42]. Another important property that allows
the nanoparticles to be successful in adsorbing the drugs is the high surface area of
the nanoparticles. With the increase in surface area, the drugs can be easily loaded to
the nanoparticles and carried to the target site with the help of an external magnetic
field. The magnetic nanoparticle is generally coated by a polymer such as PVA or
dextran. This is done to prevent agglomeration. This facilitates the interaction of the
particles with cells. The coating shields the magnetic particle from the surrounding
environment [43]. The advantage of using magnetic nanoparticles over others is that
these nanoparticles can respond to the external magnetic field which allows easy
separation from the mixture components. Cancer treatment using magnetic albumin
microspheres loaded with doxorubicin for cancer treatment was first performed in
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rats. Even though noble metal coatings such as gold are also being considered,
recent developmental work on carriers has focused on new polymeric or inorganic
coatings on magnetite/maghemite nanoparticles [44]. The use in the surgery of eye
cobalt/silica carriers has been investigated recently to repair detached retinas [45].

(b) Magnetic Hyperthermia

Another safe and easy method to replace chemotherapy and radiotherapy for cancer
treatment is by using themagnetic hyperthermiamethod. In thismethod, themagnetic
nanoparticles are used as heat sources [46] which raises the temperature to about
43–47 °C to heat the most sensitive cell or cancerous cell with the application of an
alternating magnetic field. The temperature above 47 °C causes rapid death of tumor
cells due to the high temperature. The cancerous cells have a low concentration of
oxygen and nutrients which are low in pH. As a result of which these cancerous
cells are sensitive to heat [47]. Through hysteresis losses, all the magnetic material
generates heat with the application of the alternating magnetic field. In the magnetic
hyperthermia process, the local deposition of magnetic nanoparticles generates heat
due to Brownian and Neel relaxation process [48].

In 1957, Magnetic Hyperthermia Therapy was first introduced to treat cancer to
the lymph nodes [49]. Attempts have already been done in the treatment of various
cancerous cells of different parts of the body such as lung, breast, prostate, spine,
brain, head and neck, pancreas, and liver. However, there are some disadvantages of
using high temperature to heat the cancerous cell as it is difficult tomaintain the tissue
at a lower temperature at the same time. The lack of efficacy and techniques makes
this technique unable to be established in the clinical routine. Another problem faced
is the inhomogeneous distribution of heat over the tumor tissue.

(c) Magnetofaction

In this method, an externally applied magnetic field can induce transfection of
magnetic nanoparticleswhich are associatedwith vectorDNA into cells. Thismethod
can be achieved by coating magnetic particles with polyethyleneimine so that they
become positively charged to be attracted by DNA which is negatively charged [50].
Transfection using magnetic nanoparticles enhances the gene-transfer efficiency,
decreases incubation time, and improves the nucleic acid dose–response profile [51]

Krotz and co-workers have shown that by the use of magnetofaction for delivery
of luciferase reporter gene to human umbilical vein endothelial cells (HUVECs)
efficiency was a 360-fold increase compared to various conventional transfec-
tion systems [52]. Magnetofaction has found applications to viral and non-viral
vectors for its simplicity, rapidity, and low dose saturating level transfection. Trans-
fecting non-permissive cells, reducing incubation time, lowering vector dose are
also possible by magnetic nanoparticles [53]. Comparing the toxicity and advan-
tages of magnetofaction, the advantages of magnetofaction outweighed the increase
in toxicity.
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(d) Magnetic Resonance Imaging (MRI)

It was developed in 1973 and is a powerful noninvasive method that is useful in
clinical medicine. It allows the visualization of the internal structure and function
of the body that uses magnets radio waves and computers [54]. Magnetic nanopar-
ticles with spinel structure can be used as MRI contrasts agents to diagnose and
treat diseases. For identification of infection and inflammation, the paramagnetic
behavior of nanoparticles and the local magnetic field produced by inducedmagnetic
moments are explored to study the two basic types of MRI image namely T2 and
T2* [55]. Superparamagnetic iron oxide nanoparticles coated with captopril act as
a dual-mode MRI contrast agent and drug delivery systems [56]. Multifunctional
polymer-based superparamagnetic iron oxide nanoparticles (bioferrofluids) are used
as MRI contrast agent and their uptake in the liver is observed. It has been found that
these bioferrofluids have no observed toxicity in the liver and are good T2 contrast
agents. Zwitterion-coated exceedingly small SPIONS having pharmacokinetic and
imaging properties which are free from Gd show a high T1 contrast power compa-
rable toGadolinium-based contrast agents in preclinicalMRI andmagnetic resonance
angiography. Gadolinium-based contrasts agents have been reported to have adverse
effects on the human body particularly on nephrogenic systemic fibrosis. Also, it is
reported that Gd is also deposited in the human brain [57].

4.3 Supercapacitor

Over the recent years, environmentally friendly supercapacitors have gained attention
due to their potential capability to deliver high specific power than the batteries and
have been developed to replace non-renewable energy sources [58]. Supercapacitors
also exhibit long cycle life and high charge–discharge rate, higher power density,
easy operation, and reduction in weight and size [59, 60].

Magnetic nanoparticles have attracted much interest due to their potential appli-
cations in high-density storage devices, ferrofluids, microwave absorption, humidity
sensor, pacemaker, photodetectors, etc. [61, 62]. These magnetic nanoparticles can
be a promising electrode material for electrochemical supercapacitors. Magnetic
nanoparticles with transition metal oxides with the ions and electrons in their mech-
anism of charge storage and make use of fast and reversible faradaic redox reactions
(pseudocapacitance). Themagnetic nanoparticleswith their functionalized formhave
high specific capacitance suitable for supercapacitors. The value of specific capac-
itance in Fg−1 is shown in Table 2. Various transition metal oxides such as ZnO,
NiO, Co3O4, IrO2, Fe2O3, RuO2, MnO2, and V2O5 have been investigated as active
electrode materials for energy storage and have already started to replace batteries
[63–65]. The magnetic nanoparticles can be potential candidate materials as they are
stable, abundant, inexpensive, and biocompatible or environmentally friendly.
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Table 2 The value of
specific capacitance of some
magnetic nanoparticles

Samples Specific capacitance Reference

CoFe2O4 273 Fg−1 at 1 Ag−1 [66]

CoFe2O4 295 Fg−1 at 0.5 Ag−1 [67]

CoFe2O4/FeOOH
composite

332.4 Fg−1 at 0.5 Ag−1 [68]

NiFe2O4 283 Fg−1 at 1 Ag−1 [67]

Fe3O4 207.7 Fg−1 at 0.4 Ag−1 [69]

Y3+ doped Fe3O4 138.9 Fg−1 at 1 Ag−1 [70]

MnFe2O4/MoS2 600–2093 Fg−1 at 1
Ag−1

[71]

5 Summary/Conclusion

Magnetic nanoparticles such as iron oxide cobalt ferrite etc. are synthesized
using different techniques such as sol–gel, hydrothermal, auto-combustion, and co-
precipitationmethod, etc. Of thesemethods, the co-precipitationmethod ismost suit-
able as this method is easy to synthesize and helps in large-scale production. The size
of the nanoparticle can be controlled using this technique. Magnetic nanoparticles
with properties such as high surface-to-volume ratio, superparamagnetic, catalytic,
and biocompatible become a potential candidate for various applications. They are
extensively used in wastewater treatment (photocatalysis, degradation, and adsorp-
tion), biomedical treatment, and supercapacitor. Magnetic nanoparticles such as
cobalt ferrite, iron oxide, and their oxidized forms such as maghemite and hematite
have been us in wastewater treatment as photocatalysts and adsorbents. They are also
used in biomedical treatment as a drug carrier and magnetic hyperthermia process.
Moreover, with their high specific capacitance value, these nanoparticles are used as
electrodes in supercapacitors.
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Chapter 9
Effects of Viscosity
on the Magnetic-Induced Heat
Generation

Y. Haripriya Devi, L. Herojit Singh, and Boris Wareppam

1 Introduction

Magnetic nanoparticles (MNPs) occupy a major role in biomedical advances and
particular magnetic hyperthermia treatment. Magnetic hyperthermia which is the
induced heat generation by the magnetic nanoparticles (MNPs) under the applica-
tion of an alternating magnetic field has a wide range of applications in biomedical
aspects. The heat generation results from the absorption of energy from the external
alternating field and its conversion into heat due to the magnetization reversal [1].
Magnetic hyperthermia has been an area of research for its high potential in cancer
treatment, much better than radiotherapy and chemotherapy. It is done by injecting
the magnetic nanoparticles in the affected region or at the tumor site. Under the
application of the external magnetic field, there is an increase in temperature due
to the heat dissipation by the MNPs which kills the tumor cells beyond a threshold
temperature (42–46 °C), while the healthy cells remain unaffected. The high acidity
of the tumor cells accounts for their sensitivity to high temperatures. The temper-
ature should not be higher than 46 °C as it may result in damage to healthy cells.
Moreover, there is a safety limit for the amplitude and frequency of the applied
magnetic field for the treatment in the human body. This is known as the “Brezovich
criterion”, which states that the product of amplitude and frequency must not exceed
4.5 × 108 A m−1 s−1. This criterion is limited by the human tolerance to external
frequency. At higher values above the Brezovich limit, the eddy current that flows
through the human body increases the heat of the surrounding normal tissues [2].
Further, the limit value was reexamined by taking a three-dimensional analogy to
human structure [3]. The optimum limit of SAR for hyperthermia treatment should
be of the order 10 kW/g [4]. MNPs in the superparamagnetic regime are suitable
as the single-domain particles have no remanent magnetization and no coercive
field [5]. The heat generation in magnetic hyperthermia is quantified by a parameter
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known as specific absorption rate (SAR) or specific loss power (SLP). This method
of cancer therapy requires a lot of improvement where efficient heat generation is
of immense importance while satisfying the biocompatibility factor concomitantly.
To obtain this goal, it is quite necessary to study the behavior of SAR variation with
various extrinsic or rheological factors (amplitude and frequency of magnetic field,
concentration, coating, viscosities) and intrinsic properties (size, size distribution,
anisotropy, saturation magnetization) associated with the processor; in other words,
the structural properties and environmental properties [1, 5–9]. For effective heat
generation, it requires the lowest possible dose of MNPs, homogeneity in size and
size distribution, less influence from the intracellular environment, and homoge-
neous MNPs distribution. A detailed study and analysis of the induced heat gener-
ation are required owing to high efficiency. Many researchers have been successful
in reflecting the various domains responsible for high and efficient SAR. One of the
domains which have comparatively less attention is the viscosity of the media in
which the magnetic particles are suspended. One of the main problems or drawbacks
of hyperthermia treatment is that the heating efficiency is greatly reduced by in vivo
applications. The complex, heterogeneous, and dynamic nature of the biological
environment authorizes the execution of magnetic hyperthermia. Thus, it has been
reasonable to study the impact of viscosity in magnetic hyperthermia treatment by
analyzing its effect in the heat generation process. Many studies have shown the
effect of viscous solvent by dispersing the magnetic nanoparticles in different media
with different viscosities. This book chapter presents the detailed effect of viscosity
in relation to various parameters for efficient heat generation. The future outlook will
be to obtain the range of various parameters which have high SAR value and at the
same time is applicable in biological environment (Table 1).

Table 1 Heterogeneous
viscosity in different
biological media [6, 7]

Biological media Viscosity in MPa s

Soft tissues 105

Cancer cells Several 100 s

Lysosomes 50–90

Blood 10

Cytoplasm 4
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2 Model of Heat Generation and Measurement in Magnetic
Hyperthermia

2.1 Theoretical Model

The theoretical study of heat dissipation of magnetic nanoparticles in an alternating
magnetic field is associated with mainly two models: the linear response theory
(LRT) and the Stoner–Wohlfarth model (SWM).

i. LRT

In 2002, Rosensweig developed the theory (LRT) for heat dissipation of single-
domain magnetic nanoparticles in a liquid medium (ferrofluid) for the first time. The
power dissipation is given as

P = π f μ0χ0H
2
0

2π f τ

1 + (2π f τ)2
(1)

where μ0 is the permeability of free space, χ0 is the equilibrium susceptibility, f
is the frequency of the external magnetic field, H0 is the amplitude of the magnetic
field applied, and τ is the effective relaxation time.

The effective relaxation time is expressed as

τ = 1

τB
+ 1

τN
(2)

where

τB = 3ηVH

kBT
(3)

is known as Brown relaxation time (η is the medium viscosity, kB is the Boltzmann
constant, VH is the hydrodynamic diameter, and T is the absolute temperature in K);

τN = τ0 exp
KV /kBT (4)

is the Neel relaxation time (τ0 is the attempt time, K is the anisotropy constant, and
V is particle volume) [8].

The applicability of the linear response theory is restricted in the region of low
magnetic field and highly anisotropic magnetic nanoparticles. LRT assumes the
consistency of χ with magnetic field [9]. LRT assumes that the Neel and Brow-
nian relaxation are independent of each other [10]. However, it may not be a good
assumption as the Brownian rotation, in turn, affects the motion of magnetic moment
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which influences the Neel mechanism of relaxation. The model agrees with the non-
interacting superparamagnetic single-domain particles of identical shape and size
[9]. The effective relaxation time often oversimplifies the physical condition as the
model does not take into consideration the complex dynamics of theMNPs in solvent
[9, 11].

As mentioned above, the induced heat efficiency is quantified as specific
absorption rate (SAR) or specific loss power (SLP) and is given as

SAR = μ0πχ ′′H 2 f /ρ (5)

ρ is the mass density of the particle and χ ′′ is the imaginary part of susceptibility.
It may be defined as the power absorption by magnetic nanoparticles of unit mass
under an applied field strength and frequency.

ii. SWM

SWM is focused on single-domain particles with the blocked magnetic moment and
has no frequency limit. For single-domain particles, the magnetic anisotropy energy
is given by

E = KV sin2 ϕ (6)

whereK is the anisotropy constant and ϕ is the angle between the induced magne-
tization direction and the easy anisotropy axis of the particles [12]. The hysteresis
loss in SWM depends on the coercive field at T = 0 which is not constant with
temperature [13].

iii. Viscous and Magnetic Mode Model

In 2012,Utsov et al. andLiubimov et al. proposed a generalizedmodel of an assembly
of nanoparticles in a viscous liquid using sets of stochastic equations. They studied
the dynamics of two unit vectors, namely the particle director n and the unit magne-
tization vector α. This particular model consists of two modes depending on the
amplitude of the applied external field and the effective anisotropy field, which is
given as Hk = 2K /Ms, where K is the anisotropy constant of the nanoparticles and
Ms is the saturation magnetization.

Viscous mode: It occurs when the applied magnetic field is smaller than the
anisotropy field (Ho << Hk). In the low-frequency region, the two vectors oscillate
in unison with an amplitude of ± Ho with a phase difference of 90° concerning the
external field. As the frequency gets higher, the two unit vectors continue oscillating
in unison with reduced amplitude and the phases are further shifted. The amplitude
of oscillation increases with the increase in increasing external field with particle
diameter but decreases with an increase in viscosity. Hence, the area of the hysteresis
loss decreases with increasing viscosity. The heat loss in viscous mode is due to the
particle rotation in liquid as the magnetic vector keeps its alignment along the easy
anisotropy axis.
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Magnetic mode: Under the condition Ho > Hk, the unit vector n oscillates feebly,
while the α jumps between the magnetic potential well of ±Ho. In this mode, the
magnetic vectors behave similarly to the assembly of immobilized nanoparticles in
the solid matrix where there is a well-defined orientation. The heat loss is contributed
solely by themagnetization relaxation, indicating its obvious independent naturewith
the viscosity (0.01–0.1 g/cm s) of the liquid. Further, the viscosity effect becomes
dominant for liquid with high viscosity of 1.0 g/cm s.

Transition: The transition between these two modes occurs at a certain threshold
field which increases with an increase in frequency and the liquid viscosity and may
be dependent on size to some extent. The authors generalized the transition mode as
0.5Hk ≤ Ho ≤ Hk.

This theoretical model has succeeded in explaining the dependence of hysteresis
loss on frequency, amplitude, and viscosity although it assumes the particle diameter
to be equal to the hydrodynamic diameter [11]. In the magnetic mode change in
viscosity has no significant alteration in the heat generation [14].

iv. Predictive SAR Model

Tompkins et al. in 2020 proposed a model focusing on the contribution of Brow-
nian relaxation in the heating response for IONPs (iron oxide nanoparticles) in the
viscosity range of 1.024 and 17.12 MPa s based on the data studied in his paper. The
model removed and isolated the contribution from Neel relaxation. They used the
Reynolds number (Re) and Prandtl number (Pr) in calculating the SAR for MNPs in
a viscous fluid.

SAR = m−1kBT fMRα
e P

−2
r (7)

where m is the mass of the spherical nanoparticles, kB is the Boltzmann constant, T
is the temperature of the fluid, fM is the frequency of the induced field in Hertz, and
α is the term related to the experimental data based on the sample viscosity (η) and
concentration (ϕ) as

α(η, ϕ) =C0 + C1η + C2ϕ + C3η
2 + C4ϕη + C5ϕ

2 + C6η
3

+ C7η
2ϕ + C8ηϕ2 + C9η

4 + C10η
3ϕ + C11η

2ϕ2 (8)

Ci are the different discrete frequencies in the experiment. The author found a close fit
of his simulation with the experimental data. But this simulation may not be accurate
as the degree of clustering is not quantified [15].
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2.2 Methods of Measurement

There are generally two types of SARmeasurement, namely the calorimetric method
and the magnetic measurement method. The former uses the initial temperature
derivative for obtaining SAR as

SAR = CP

mMNP

∣
∣
∣
∣

dT

dt

∣
∣
∣
∣
t=0

(9)

CP is the heat capacity and mMNP is the mass of the magnetic nanoparticles.
The measurement of the evolution of temperature derivative is required to be

done in completely adiabatic environmental conditions where there is no thermal
loss or in thermal equilibrium and is a quite complicated task. The non-adiabatic
condition requires the quantification of heat loss through conduction, convection,
and radiation. Pineiro et al. propose an accurate model of non-adiabatic calorimetric
measurement of superparamagnetic iron oxide nanoparticles to measure the time
variation of the particles with temperature by considering the heat losses in the
surrounding [16]. Secondly, the magnetometric measurement method utilizes the
dynamic magnetization of the sample over a complete period [17].

SAR = f

c
μo

∮

M(t).dHo (10)

In this method, the value of SAR is often determined by SAR = Af , i.e., the
product of the area under the hysteresis loop (A) and the frequency (f ) of the applied
alternating magnetic field. The colorimetric method is a typical one, which is limited
only to the liquid samples, for inductionmeasurementwhere the area of the hysteresis
loop is analyzed. Determination of SAR by the inductive method has an advantage
over the calorimetric method in that the former can measure the dynamic magneti-
zation of the samples and determine the magnetic properties affecting the resultant
SAR behavior.

3 Mechanism

There are threemechanisms for heat generation—hysteresis loss,Neel, andBrownian
relaxation mechanism. There is another type of loss known as eddy current but the
alternating field for this loss is not under the biocompatible range [9]. Based on
LRT, Neel, and Brown’s mechanisms mainly constitutes the heat generation in the
superparamagnetic regime.

• Hysteresis loss
• Brownian relaxation
• Neel relaxation
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Hysteresis loss is associated with the motion of domain walls in multi-domains
and is associated with the reversal of magnetic moment in a single domain. The
magnetic moments are rotated across the anisotropy energy barrier in the absence
of an external field. The specific absorption rate (SAR) or specific loss power (SLP)
is given by the product area under the hysteresis loop normalized by mass and the
frequency of the external field. The dynamics of the hysteresis curve are controlled by
three parameters: saturation magnetization, remanent magnetization, and coercivity.
These parameters vary with the magnetic properties of the MNPs.

The magnetic relaxation process consists of two mechanisms: Brownian relax-
ation and Neel relaxation. When an applied external field is removed, the magnetic
moment reverses due to thermal agitation. The energy barrier against magnetiza-
tion reversal is the anisotropic energy barrier that is KV, where K is the anisotropy
constant and V is the volume of the particle. This relaxation is known as Neel relax-
ation. Neel relaxation is the internal rotation or torque due to themagnetic interaction
of the magnetic moment by flipping across the anisotropic barrier and is independent
of the physical rotation. It depends on the effective anisotropy, the volume of the
particle, and temperature. It will come to our knowledge after going through this
chapter that the Neel relaxation is the dominant one in biological tissue (Fig. 1).

Brownian relaxation occurs due to thermally driven rotation of particles while the
magnetic moment is fixed along the anisotropy axis.When an external magnetic field
is applied, the magnetic dipole moment of the particles will rotate to align along the
direction of the external field. It depends on hydrodynamic volume, viscosity, and
temperature. Thus heat is produced by the viscous friction of the particles with the
solvent [18]. According to LRT, the Brownian time is independent of field strength
which is not quite so. In addition to this, Rosensweig noted that Brownian domination

Fig. 1 Representation of Brownian relaxation (above) and Neel relaxation (below) of single-
domain nanoparticles in an external magnetic field (indicated by the blue arrow). The orange arrow
indicates the magnetic moment and the dark blue dots indicate the particle orientation
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is necessary to achieve high heat generation [8]. Both the relaxation processes co-
occur until one becomes smaller and the dominant process. And the transition in the
mechanism occurs when the relaxation time is equal. The intrinsic factor and the
rheological properties decide the easier pathway of relaxation between the two [19].

Recently, there was a report on the existence of a third relaxation mechanism that
is faster than the above two magnetic relaxations. The third faster relaxation was
observed in nanoflowers due to the disordered spin [20].

4 Effects of Viscosity

From the theoretical analysis of heat production in magnetic hyperthermia, it has
become quite clear that the value of SAR is affected by the media viscosity. The
viscosity drag hinders the heat loss arising from susceptibility. At 100 kHz, with
increasing viscosity, the imaginary susceptibility (χ ′′) of cobalt ferrite nanoparticles
shifts toward a lower frequency.

According to LRT, the effective relaxation time is dominated by the shorter relax-
ation time. Of the twomechanisms, the Brownian relaxation is affected by the solvent
viscosity. Because the value of SAR depends on a wide range of factors, of which
some are interdependent, such as size, size distribution, concentration, field strength
and frequency, anisotropy, and particle interaction, it is quite complex to study the
sole dependence of SAR on viscosity. As clearly observed in the previous section,
the theoretical approach proposed by Utsov et al. shows a particular regime where
the effect of viscosity is significant. The study of high viscosity regime is of utmost
importance to understand the behavior of MNPs mimicking the biological media.
Most of the research conducted used a solvent of different agar concentrations to
obtain media of varying viscosity. Pineiro et al. displayed a 50–80% reduction in
SAR at high viscosity of 200 MPa s for gel (MNPs + gelatin) as compared to the
low viscosity of 2 MPa s for sol (MNPs + water) [21]. The various dependencies of
viscosities on other parameters have been studied highlighting the researches.

4.1 Dipolar Interaction

Dipolar interaction has been a supporting factor in changing the SAR response. Itmay
enhance or diminish the SAR value depending on other parameters. For example, it
enhances the heating performance for soft magnetic nanoparticles [22]. The effect
of viscosity regarding dipolar interaction is presented in this sub-section.

Abu-Bakr et al. used the pair approximation or the magnetic interaction between
two single-domain ferromagnetic particles neglecting a third particle interaction.
They found that particles in viscoelastic media have more intensified heat dissipation
as compared to the ones in the rigid environment due to the rotation of particles under
appliedMF in the former case and the immobilized one in the latter. The difference is
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attributed to the influence of magnetic interaction although the author has not made it
clear in which medium the magnetic interaction prevails. Additionally, it is observed
that the heat dissipation in viscous media is higher than in a solid matrix [23].

Bruvera et al. studied the heating efficiency quantifying with SAR in two condi-
tions: ferrofluid and ferrogel. The ferrofluid provides a stable environment for
the analysis of MNPs behavior, while the ferrogel consists of high viscosity and
agglomeration, and immobilization of MNPs is seen as reported from the SAXS
measurement. Transmission electron microscopy (TEM) measurement reported the
mean interparticle distance to be larger than three diameters with the well-defined
spatial distribution and results in the absence of dipolar interaction in ferrofluid. The
ferrofluid shows a monotonical increase of SAR with frequency and amplitude. The
ferrogel characteristics of SAR show a local frequencymaximum unlike the previous
case and a larger SAR value at every combination of frequency and amplitude. The
difference in SAR responses is attributed to (a) the dipolar interaction driven by
agglomeration in ferrogel which increases in SAR due to the compact and well-
defined structural arrangement of the particles and (b) the cancellation of Brownian
relaxation in ferrogel due to the fixation of MNPs reducing SAR. These two factors
overall provide an increase in SAR. Considering the first factor, it is reasonable to
deliver that the agglomeration resulting in dipolar interaction does not always reduce
SAR, but it depends on the structural organization of the nanoparticles whether they
are well defined or form into irregular clusters [24].

4.2 Aggregation and Cluster Formation

The viscosity effect cannot solely replicate the magnetic behavior of MNPs in cells
or tissue. The combined effect of viscosity and particle aggregation as measured by
ACS and ACM gives similar dynamic magnetic nature of the MNPs in biological
cells or tissues. The increase in hydrodynamic diameter increases the aggregation of
the nanoparticles which in turn influences SAR [25].

The viscosity of the aqueous media is an important factor even during the prepa-
ration as the nature of the distribution is affected. In the absence of an external
magnetic field, the nanoparticles (44 nm magnetite) in the viscous media (water–
agar suspension) form irregular clusters. There is chain formation of the particles
in viscous media under an applied external field; chain length is inversely propor-
tional to the viscosity of the media as the effect of the external field is hampered
by high viscosity. Serantes et al. reported that the longer the chain, the greater will
be the hysteresis loss and the greater the SAR [26]. Uncoated IONP of 14.42 nm
means diameter dispersed in two solvents: water and ethylene glycol (WEG) and
oil blend (MH) and studied the particle aggregation and clustering. DLS measure-
ment showed the particles clustering in the solvent. The SAR value for all the 11
samples (6 in WEG and 5 in EG) decreases for all combinations of frequency and
concentration. The cause of this reduction as we have already discussed is the inhi-
bition of the Brownian mechanism with increasing viscosity. The Neel relaxation
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becomes the dominant one although there may be a contribution from Brownian
rotation. The author reported a decrease in Brownian relaxation frequency from 839
to 3.67 kHz when the viscosity increases from 1.024 to 234 MPa s. Specifically, the
decrease in the Brownian relaxation frequency is from 839 to 50.2 kHz (94.02%
reduction) for the uncapped IONPs in WEG solvent with viscosity ranging from
1.024 to 17.12 MPa s. The author also observed a smaller decrease in the Brownian
frequency for the particles in MH from 5.01 to 3.67 kHz (26.74% reduction) with a
high viscosity range of 171.6–234 MPa s. The author reasons the vast difference in
relaxation frequency reduction about the formation of large clusters in low viscosity
solvent in comparison to the high viscosity regime. The inhibition of particle move-
ment in high viscosity regime prevents the formation of large clusters. The heating
output was showing reduction with increasing output for WEG solvent, while the
SAR value remains consistent with oil blend (MH). The heat generation is attributed
to the combined effect of Brownian relaxation for individual and clustered particles,
resulting in high SAR reduction for the WEG sample as they have a larger effective
diameter than the particles sonicated in the MH sample delivering less SAR reduc-
tion in the latter. Thus, the author presented the importance of particle clustering in
low viscosity solvent [15].

The threshold size of the magnetite particles comes in the range of 20–25 nm
for their stability where no agglomeration is present. It was reported that the media
viscosity plays a secondary role in determining the threshold diameter of themagnetic
particles with anisotropy as the primary role [27].

4.3 Frequency and Amplitude of External Excitation Field

In general, the heat effect varies linearly with frequency and nonlinearly with the
amplitude of the magnetic field [28]. The numerical simulation of Fokker–Planck
equation done at different viscosities (obtained by adding glycerol) results in different
M–H curve for the samples at low frequency and low excitation field (3.5 mT and
3 kHz) with different viscosity reflecting the influence of viscosity in the Brownian
mechanism and hence the magnetization. At higher frequency and larger excita-
tion field (20 mT and 20 kHz), the differences in the M–H curve get smaller or are
almost the same. Thus, the magnetization becomes insensitive to medium viscosity
(and hence the Brownian motion) at high frequency and amplitude of the excita-
tion field reflecting the dominance of Neel magnetization. Media viscosity impacts
the hysteresis loss at low field and low frequency where Brownian magnetization is
dominant at low viscosity, Neel magnetization at high viscosity, and both magnetiza-
tions at intermediate viscosity [29]. 14 nm iron oxide nanocubes show sensitiveness
to viscosity at low amplitude (4 kA/m) of AC field and no effect of viscosity at
24 kA/m as the dominance of magnetic relaxation is strongly dependent on external
AC field [30] (Table 2).
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Table 2 Brownian frequency
of iron oxide dispersed in
different viscosities [29]

Viscosity in MPa s f B in kHz at 5 mT f B in kHz at 20 mT

0.957 2.6 8.3

9.43 0.26 0.84

411 0.0061 0.019

4.4 Coated and Uncoated

Comparison of coated and uncoated maghemite at different viscosities: Coating of
MNPs is favored in biological media accounting for the stability of the MNPs in the
acidic environment. The coated samples have lesser SAR than the uncoated sample
due to the hindrance of the Brownian mechanism as a result of the larger hydro-
dynamic size. However, the uncoated sample also shows a decrease in SAR in a
medium of high viscosity due to the inhibition of Brownian motion and favoring the
contribution from Neel relaxation. In low viscosity media, both the relaxation mech-
anism co-exists for uncoated nanoparticles, while the Neel mechanism is reported to
be dominant in a high viscosity environment. Thus, the transition between the two
relaxations mechanism is influenced by the dispersing media [18].

4.5 Size

The sensitivity of viscosity on heat production depends on the size; it may be the
core size or the hydrodynamic size of the nanoparticles. The linear response model
indicates a linear dependence of Brownian relaxation time with hydrodynamic size
and an exponential increase of Neel time with the core size. Various researches done
on size reported the change of SAR with viscosity for large-sized nanoparticles.
This accounts for a particular threshold size beyond which the SAR value is affected
by media viscosity. However, the formulation of such threshold size is complicated
as there is no sole dependence of size on viscosity only. The threshold size may
depend upon the anisotropy, strength, and frequency of the external field. For iron
oxide nanocubes with low anisotropy, the reduction in SAR with viscosity varies
monotonically with size increment [30]. Experiments performed with different sizes
of 14, 18, and 22 nm conveyed that the SAR value of water (low viscosity) and agar
(high viscosity) follow the same linear trend,with thefield for 14 and18nm indicating
the non-dependence of heating mechanismwith viscosity and the dominance of Neel
relaxation mechanism. But SAR follows a parabolic trend for 22 nm which may be
due to the anisotropy field (although they may have a similar trend up to a particular
amplitude but observed a large difference in SAR value at high amplitudewhere SAR
of water being immensely higher), indicating the clear influence of viscosity [31].
The magnetic susceptibility (ACS) and magnetometry (ACM) measurements under
an AC field of IONPs for two core sizes of 11 and 21 nm were studied at different
viscosity. Different viscosity media were attained by the addition of glycerol (0–80%
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glycerol) in aqueousmedia. 11 nm IONPshowsnovariationwith viscosity increment.
The hydrodynamic diameter (DH) measured from dynamic light scattering (DLS)
measurement does not show any variation with increasing viscosity of 32% glycerol
content. For a core size of 21 nm, the ACM measurement displays the decrease in
the area of the magnetization loop with increasing viscosity; the ACS measurement
corresponds χ ′′ shift to the lower frequency with solvent viscosity. Hence, inference
can be stated that the size around 21–22 nm is dominated by the Brownian motion
[25]. According to the theory proposed by Utsov and Liubimov, the rotation of
smaller particles is inmagneticmode,while biggerMNPs are associatedwith rotation
in the viscous mode [32]. Moreover, the SAR increases with the decrease in size
distribution. A polydispersity of 0.2 has 3.3 times higher SAR than the polydispersity
of 0.4 under the same experimental conditions [33].

4.6 Anisotropy

According to the linear response model, the anisotropy constant of the nanoparticles
has a significant impact on the SAR through the enhancement of Neel relaxation
time. The power absorption in magnetic nanoparticles having high anisotropy is
the result of the particle rotation under the influence of the magnetic torque due
to the external or applied field. In a system of MNPs with high anisotropy, the
thermal energy is not sufficient to overcome the anisotropic energy barrier, and
hence the magnetic relaxation is dominated by the Brownian relaxation mechanism.
According to Rosenzweig, a system of MNPs with high anisotropy and particle
size will increase the Neel relaxation times exponentially, and hence the effective
relaxation time is dominated by theBrownian relaxation time.Due to this dominance,
the viscosity deliberately affects the healing response. The SAR decreases with the
viscosity as proposed by the LRT [10]. The effect of SAR with varying viscosity is
more significant in hard ferrite than soft ferrite because of the difference in anisotropy
constant [34].

According to the Landau–Lipshitz–Gilbert (LLG) stochastic equation, the effect
of viscosity in heat generation reduces with a smaller anisotropy constant. Cabrera
et al. researched the impact of viscosity (0.9–153.5 MPa s) in the hysteresis losses at
low frequency experimentally for iron oxide nanocubes (14 and 24 nm) and cobalt
ferrite nanocubes (21 nm). It is important to note that the anisotropy constant of
cobalt ferrite is 290 kJ/m3 and that of iron oxide (magnetite) is −13 kJ/m3; as a
result, the value of SAR is higher in cobalt ferrite. The cobalt ferrite is more sensitive
to viscosity than iron oxide. The effect of viscosity reduces with size in the case of
iron oxide. The magnetic parameters such as saturation magnetization and remanent
magnetization exhibit decreasing nature with increasing viscosity; the coercive field
decreases for the sample with high anisotropy constant but for particles with low
anisotropy constant, the coercive field is dependent on size rather than viscosity
[30].
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L. H. Nguyen et al. studied theoretically the variation of three types of domination
(Neel, Neel–Brownian, and Brownian process) with varying viscosity and anisotropy
constant (K) and also studied the behavior of the change in critical anisotropy of iron
oxide nanoparticles. At first, they identified the range ofK values about the dominant
magnetic relaxation mechanism: K ≤ 5 kJ/m3 is identified as Neel dominant region;
5 kJ/m3 ≤ K ≤ 20 kJ/m3 as Neel–Brownian overlap region, and K > 20 kJ/m3 as
the Brownian-dominant region and deduced the critical anisotropy value (Kc) to be
20 kJ/m3 for ferric oxide nanoparticles. The critical anisotropy constant (Kc) is the
threshold value where the transition to Brownian domination occurs belowwhich the
Neel and Brownian relaxation co-exist. Secondly, he laid out the variation ofKc with
viscosity ranging from 1 to 10 MPa s at different frequencies. The importance of Kc

lies in the fact that the change in behavior of the SARmaximum changes significantly
when the value of the anisotropy constant is less than the critical anisotropy constant.
Thirdly, the author conferred the decrease inSARmaximumwith increasing viscosity
and the decrease becomes more pronounced with increasing anisotropy constant.
provided K does not exceed Kc as the influence of viscosity lies in the Brownian-
dominant region. It was also noted that theKc value increaseswith frequency. Finally,
he verified the above analysis with an experiment observing the reduction of SAR
with increasing viscosity more significantly at high anisotropy constant [35].

4.7 Concentration

Here, we refer to the concentration of the magnetic nanoparticles dispersed in a
suspension with varying viscosity. The degree of dependency of SAR on viscosity
increases with MNPs concentration. At low concentration (2.5 mg/mL) of nanopar-
ticles (22 nm), the SAR value for agar and water are comparable for a large
range of magnetic field, and it is observed that SAR of agar is higher than that
of water due to the susceptibility loss of non-interacting particles. At high concen-
trations, the SAR of water is three-fold higher than agar. The differential percentage
(
SARwater−SARagar

SARwater
× 100

)

in SAR is negligible at low concentration of IONPs but

becomes significant to about 70% at high IONP concentration. At higher MNPs
concentration, the hysteresis loop of MNPs in water increases while that of agar
decreases and follows an elliptical structure. Moreover, the more the concentration
more pronounced the elliptical shape [36] and it thereby reflects the fact that the
reduction in SAR is associated with the number of interacting particles. The author
also observed a more elliptical shape in agar than in water and thereby concludes the
influence of viscosity in the intracellular interactions [31].
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4.8 Shapes

Optimization of SAR depends on the morphology of the nanoparticles. Cuboidal-
shaped nanoparticles are reported to be more efficient than nanorods or nanospheres
[37]. A homogeneous nanocubes suspension does not undergo aggregation; however,
the value of SAR is affected with varying viscosity [30].

Nanoflowers are packed of dense irregular aggregates of rough-surfaced iron
oxide nanoparticles synthesized by the polyol method [38]. The heat generation in
this case is contributed mostly by the exchange couplings of the core of the nanopar-
ticle within the nanoflowers. Bender et al. studied the dextran-coated nanoflowers.
The nanoflowers were dispersed at different solvent viscosity by adding glycerol
and was observed the non-dependence of relaxation on viscosity. The relaxation
time distribution according to the MRX (magnetorelaxation) data of γ-Fe2O3/Fe3O4

sample of hydrodynamic size of 54 nm displayed three peaks. Two peaks of lower
relaxation time reflected the Neel domination which was in good agreement with
the LRT. However, the third peak was not physically interpreted, and highlighted the
possibility of a third relaxation process. This may be supported by the finite suscep-
tibility of χ ′′=0.09 at high frequency of ω = 6.28 × 106 s−1 with a fast relaxation
of 1.6 × 10–7 s. The disordered spins within the nanoflowers may be responsible for
the fast relaxation [20].

Riahi et al. compared the effect of viscosity in dynamic magnetization for three
commercially available samples of superparamagnetic iron oxide nanoparticles. The
three samples are (a) γ-Fe2O3 (nanoflower shape, dextran coated with the size of
50 nm); (b) Fe3O4/γ-Fe2O3 (spherical, carboxydextran coated with size 45–60 nm);
and (c) Fe3O4/γ-Fe2O3 (spherical, carboxydextran coated with the size of 59 nm.)
The differential magnetic susceptibility (dM/dH)max decreases with the increase in
viscosity in all the three samples as the hydrodynamic volume is affected by the
media viscosity leading to extended Brownian relaxation; however, the first sample
is less sensitive to viscosity which may be due to the nanoflower shape or the larger
core size as seen through TEM [39].

Thus, it has come to our knowledge that themedia viscosity affects heat generation
due to several parameters discussed above. However, recent research has revealed
the importance to study the other properties of the media such as the specific heat
capacity in addition to the viscosity.

At the melting point of some solvent media such as paraffin, the viscosity reduces
to a great extent at the melting temperature. It has been reported that there is a
rapid nonlinear increase in the thermal response above the melting temperature of
the media, not due to the change in relaxation mechanism but the reason lies in the
change of specific heat capacity. Thus, this is an interesting area of research provided
the melting temperature lies within the biocompatibility range for the treatment [40].
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5 Summary/Conclusion

The effect of viscosity in the magnetically induced heat generation is more precisely
the competition between the Neel and the Brownian relaxation. The theoretical
approach of LLG delivers that the size, anisotropy, and strength of the AC field influ-
ence the viscosity effect on heat losses. The SAR reduction with increasing viscosity
focuses mostly on the dominion of the Neel relaxation pathway over the Brownian
one. In the solid matrix, there is no possibility of the rotation of particles, the only
contribution to the heating mechanism is the response of the magnetic moments of
the particles in an applied alternating field. The role of dipolar interaction depends
upon other factors to define the enhancement or reduction in the healing response.
There is a limited regime where there is viscosity dependence on SAR. Viscosity
directs the SAR for high nanoparticles concentration with a high anisotropy constant
kept in low amplitude and low frequency of the externally appliedmagnetic field. The
influence of viscosity is restricted in the viscous mode for a large diameter range.
The heterogeneous property of the intracellular environment favors the regime of
magnetic nanoparticles whose dependency on viscosity is turned down as low as
possible.
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Chapter 10
Morphology-Controlled Synthesis
and Morphology-Induce Structures
of Different Nanoparticles

Heikham Farida Devi

1 Introduction

Morphology-controlled synthesis of different nanoscalematerials has beenmotivated
over the last three decades due to the acquired new specific properties at a particular
shape and length scale. In this regime, the alterations in the properties of different
length scales manifest themselves from various causes in various materials. This fact
is evidenced by many scientific reports [1–5], driven by the enthusiasm of seeing
novel surface chemistry and by the possibilities of new applications and monetary
effects. Among their potential applications, the surface properties will assume the
essential part in deciding the particular capacities. However, the surface phenomenon
of the small size particles may no longer be stable due to their higher interfacial
energy and the large surface area [6]. As a result, changes in structural morphology
cause variations in the chemical behaviour of the molecular surface, opening up new
possibilities for novel applications.

There has been an expeditious spreading of research into metal nanoparticles in
a wide spectrum of fields like Voltaics, optoelectronics, biosensors and imaging,
and so forth, because of their interesting properties, particularly optical properties,
including strong plasmon absorption, enhanced Rayleigh scattering, and surface-
enhanced Raman Scattering. To synthesize metal nanoparticles, researchers have
employed avariety ofmethods,whichmaybe classified into twocategories: top-down
strategy and bottom-upmethodology.When it comes to gold nanoparticles that aren’t
spherical, the seed-mediated growth method is a straightforward and trustworthy
technique to get a high output. On the other hand, the creation of gold nanorods
has been seen as a result of a “zipping” exchange between the morphing specialist’s
faceting propensity and the development energy. The seed-mediated development
system of gold nanoparticles of various forms, such as cubes, hexagons, triangles,
tetrapods, and soon,was accounted for to be similar to that of gold nanorods [7]. Thus,
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distinctive methods of nucleation and development of a particle, synthesis process,
characterization, and properties on nanoparticles (NPs) have been described.

2 An Overview of Particle Growth and Nucleation

Generally, the tailoring of variant shape particles is occurring in the course of the
precipitation method of a solid part from the solution system. The nucleation mech-
anism is followed by a particle development measure in the precipitation process.
The nucleation and particle development processes have been concentrated from the
beginning using the La Mer burst nucleation [8, 9] and then the Ostwald ripening
mechanism [10] to elucidate the variations in particle sizes. However, Reiss [11] was
the first to illustrate the said process, andLifshitz–Slyozov–Wagner, LSW theory [12,
13], was the first to develop it satisfactorily. The term nucleation simply describes
the process where the nuclei (seeds) behave as a template for the growing of crystal
particles. Graphical representations of different types of nucleation have been shown
in Fig. 1.

2.1 Primary Nucleation

Essential nucleation happens without the presence of additional crystalline
substances, according to Mullin [14]. As we know that if any liquid system gets
cooled, there exists a range of temperatures at which it is converted to solid. The first
formed seeds or nuclei, which may be of few nanometers in size appear only when

Fig. 1 Type of nucleation
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the system gets supersaturated. And all crystallization processes begin in a supersat-
urated system when the system exhibits a metastable zone. However, nucleation will
start spontaneously only when the upper limit of the metastable zone of the super-
saturated system is reached. Moreover, nucleation can be enhanced by agitation,
abrasion, shearing action, and alteration in pressure.

2.2 Homogeneous Nucleation

Much of the time, limited quantities of contaminations have a sensational impact on
numerous crystallization processes like nucleation, crystal growth, and the obtained
crystal quality [15]. Thus, the interaction of impurities and solvent at the interface
highly impact the particle size, shape, and purity of the crystals. Practically, homo-
geneous nucleation rarely happens because the phenomenon can occur only if the
solution contains no foreign particles or crystal matrix of its kind [16]. Overall,
homogeneous nucleation occurs thermodynamically due to the unfavourable energy
of the supersaturated system.

2.3 Heterogeneous Nucleation

Practically, heterogeneous nucleation is the one to occur readily and involves the
presence of foreign particles or impurities or container walls or dislocations or grain
boundaries in the crystallization system.

2.4 Secondary Nucleation

The existence of crystals and their interactionwith the crystallizer environmentmight
trigger secondary nucleation. It only happens when the nuclear seed’s discontinuity
is affected by fluid shear or weakening caused by interactions with the crystallizer
divider, other nuclear seeds, or the stirrer.

2.5 Crystal Development

Following the nucleation course, crystal development occurs, in which the nuclear
seed develops viably through the expansion of solute crystal from the supersaturated
solution. The absolute particle size distribution obtained in the system is controlled
by crystal growth and nucleation. Also, the purity of the product and the crystal habit
is influenced by the process parameters and the rate of crystal formation.
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3 Important Synthesis Techniques

The appropriate synthetic method must be chosen to acquire the desired physico-
chemical characteristics for the applications. In the literature, most of the synthesized
samples show irregularity with limited morphologies and polydisperse particle sizes.
In terms of the accompanying viewpoint, the soft chemical synthesis way outper-
forms the traditional solid-state reaction technique. At first, capping agents can be
easily inserted from the outer surface of the ensuing particles using a soft chem-
ical synthesis technique. As a result, dispersing particles in either an aqueous or
polar medium is suitable for preventing particle agglomeration. Secondly, reaction
parameters like precursors, pH value, solvent, concentration, and reaction medium
(time or temperature) may be precisely adjusted to get the desired size along with
the morphology of the end products. As a result, dispersing particles in either an
aqueous or polar fluid is suitable for preventing particle agglomeration. Second, reac-
tion variables such as precursors, pH, solvent, concentration, and reaction medium
(time or temperature) can be precisely adjusted to get the desired size along with
the shape of the end products. Third, soft chemical synthetic strategies enable for
reaction even at low temperatures; they can be used with simple apparatus, exten-
sive production, low cost, and adaptable post-treatment of the products. As a result,
soft chemical synthesis has been chosen as the most versatile method for producing
surface-modified RE ion-activated phosphors, metal oxides, and other materials.

3.1 Thermal Decomposition Technique

In the whole soft chemical synthesis pathway, the thermal decomposition approach is
arguably the most well-known and extensively utilized methodology for generating
monodisperse, well-crystalline, and pure phase RE-activated nanoparticles. To date,
it is the best technique to synthesize NPs with less than ten nanometres in size, which
is efficient for biomedical applications [17, 18]. This approach is a synthetic process
involving breaking down organic precursor sources in high boiling organic solvents
with the assistance of surfactants and decomposing those precursors at high tempera-
tures in the absence of air. Usually, RE organic acid salts like trifluoroacetate, oleate,
acetylacetonate, and acetate are frequently used as precursors. It is essential to choose
suitable organic precursors and long-chain hydrocarbon capping agents/surfactants
for successful synthesis. The organic surfactant plays the following roles: (a) capping
the surface of the synthesized particles to prevent agglomeration and (b) prevent the
growth of the prepared particle size. In 2008, Zhang and his co-workers designed
an eco-friendly methanol-assisted organic phase synthetic route to synthesize RE-
activated core–shell nanostructures [19, 20]. The thermal decomposition method can
be classified based on the precursors, as shown in Fig. 2.

In 2012, Zou and his co-workers have synthesized nanophosphors in ethy-
lene glycol using polyethyleneimine as a surfactant. They obtained cubic
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Fig. 2 Classification of the thermal decomposition method

NaYF4:Yb3+/Er3+ nano phosphors having an average mean size around 30 nm with
highly crystalline in nature [21]. Because the surfactant’s polar head is oriented
towards the particle surface plus the hydrophobic tail is oriented towards the solvent,
the surfactants changed the surface hydrophobic nature of the produced nanopar-
ticles. This makes the particles hard to disperse in an aqueous medium and diffi-
cult for further biological functionalization. To overcome this problem, Bogdan and
co-workers synthesized surfactants free NaYF4:Er3+/Yb3+ up-conversion nanophos-
phors following modified thermal decomposition technique and get particles with an
average size around 25 nm. Using post-treatment with mineral acids, oleate surfac-
tant was removed from the ensuing particles. The pH of the solution was therefore
altered, resulting in protonation of the oleate surfactant and the release of oleic acid.
Highly dispersible surfactant-free nanophosphors are showing higher up-conversion
luminescence efficiency comparing to oleate capped particles. By studying different
pH values solution, sample with less pH value shows positive zeta potential, indi-
cating that the surfactant-free nanoparticle surface gets protonated and gives intense
red emission [22].

Hence, the above method proves to be the most common method for synthe-
sizing highly crystalline nanophosphors. However, some inherent problems require
being paid attention to in biological applications and synthetic routes. At first,
harsh synthesis conditions like high temperature, oxygen-free, and inert environ-
ment, require careful handling. Second, dangerous fluorinated and oxyfluorinated
by-products are produced due to the use of expensive high boiling solvents and the
presence of toxic trifluoroacetate in the reaction mixture. Third, the surfactant stabi-
lized hydrophobic products are having limited biological applications, thus require
surface-modified products for further applications. Fourth, the process is ineffective
for producing RE phosphate, vanadate, and borate phosphors with an ambiguous
morphology.
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3.2 Solvo/Hydrothermal Method

Another well-known soft chemical synthesis process, the “solvothermal method,”
has been utilized to synthesize high-grade nanoparticles since the mid-1990s. This
route utilizes solvents to speed up the reactions between the reactants under high
pressures with elevated temperatures above its boiling point. Types of solvothermal
techniques are shown in Fig. 3. An autoclavewith a Teflon inner liner, a stainless steel
outer shell, and a stainless steel cap must be utilized to achieve the necessary reaction
conditions. The term “hydrothermal” refers to the use of water as a solvent in the
synthesis route. Hydrothermal synthesis has a variety of advantages, including a low
cost, environmentally acceptable solvent, ease of use, and the ability to produce huge
quantities. Generally, the technique was used to make single crystals. The driving
force for the formation of single crystals arises from the fact that the reacting solution
has a temperature gradient between the opposite ends of the vessels. The precursor
is entirely dissolved in the solvent in the hotter region. Because of the temperature
difference between the two ends, the precursors that dissolve in the hotter end drop
on the crystal seed, resulting in crystal formation [23].

Usually, hydrothermal synthesis is considered a single-step synthesis route. Typi-
cally, the precursors are salts of rare earth elements, like nitrates [24] and chlorides

Fig. 3 Classification of solvothermal method
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[25]. Because of the selective adsorption on the dissimilar facets of the produced
nanocrystals, using surfactant (organic additives) can change the shape of the parti-
cles [26]. The alteration of the surface morphology of the nanomaterials can be
achieved by organic additive [24, 25], assisting with hydrophilic ligand [27], and
assisting with hydrophobic ligand [28]. In 2010, Wang et al. have synthesized a
sequence of Ln3+ activated NaYF4 nanoparticles, with grain sizes decreasing to ten
nanometres as doping concentration increases, having cubic or hexagonal phases, and
giving up-conversion emission colours ranging fromgreen to blue [29]. The synthesis
method is known as solvothermal because the solvent employed in the process is not
limited to water but also includes other polar and non-polar solvents. To promote
the growth mechanism of nanotube morphology, D. Chen et al. used “anhydrous
alcohol as a solvent, SnCl2, and thiourea as reactants and anodic aluminium oxide
as a surfactant” [30]. Interestingly, many researchers have used supercritical fluids
as solvents and created a variety of nanostructures, including Ag [31–33], Cu [32,
34–37], Co [38], Pt [38], GaP nanowire [39], and carbon nanotube [40].

Henceforth, solvothermal synthesis has various advantages compared to the other
routes, including easily controllable morphology and size, high purity and crys-
tallinity of the product, narrow and homogenous particle size distribution, and envi-
ronmentally sustainable technique. However, there are several drawbacks, such as
the high cost of autoclaves, the long duration reaction, and minimal yield.

3.3 Sol–gel Technique

The sol–gel route is essentially a polymerization reaction that involves hydrolysis,
condensation, drying, and decomposition. The size of the sol particle is determined
by reaction factors such as reactant composition, pH value, and reaction system
temperature. The aforementionedparameters canbemodified to change the size of the
resultant sol particles. Another soft chemical synthesis strategy for making trivalent
rare earth ion-doped metal oxide nanocrystals at low temperatures is the sol–gel
method. Converting a solution to colloidal sol and then to amultiphasic gel is required
for the production of organic or inorganic networks. Annealing at high temperatures
is required to produce pure phase and extremely crystalline nanophosphors. All of
the produced nanoparticles is made up of agglomerated irregular spherical form with
a wide particle size range due to the high annealing temperature. Prasad et al. have
synthesized Er3+ activated ZrO2, TiO2, and BaTiO3 nanoparticles via the emulsion-
based sol–gel method [41]. However, there are some inherent limitations related
to the metal alkoxides and solvents used in the synthesis route due to expensive,
hazardous, unavailability, and fast hydrolysis rate. However, when combined with
soft lithography and electrospinning techniques, the technology is highly useful for
the synthesis of inorganic compounds. Li and co-workers reported the synthesis of
“1-dimensional fibre-, belt-, and tube likeLn3+ activated inorganicmaterials using the
sol–gel method and electrospinning technology, where the precursor sol comprises
of polymer, citric acid, and a water–ethanol solution of inorganic ions” [42]. The
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polymer, specificallyPVP, is utilized as a template to formone-dimensional structures
and to maintain the viscosity of the precursor sol constant [43].

3.4 Microemulsion Method

The microemulsion is a thermodynamically stable medium of a two-phased inverse
micelle system with an oil phase, a water phase, and a surfactant. Surfactants are
employed to stabilize nanosized water droplets in the oil phase, resulting in a trans-
parent solution. The water droplets in the system have the potential to completely
dissolve the reactants, and Brownian motion ensures that the micelles in the aqueous
phase are constantly swapped. The water droplets collide and coalesce after mixing
two inverse microemulsions containing distinct reactants. This results in perfect
nanoreactors for the production of nanoparticles, the size of which is largely deter-
mined by the water droplet’s size. However, adjusting the molar ratio of water to
surfactant can change the size of the water droplets (W0). Usually, the larger value
of W0 will give large particles [43].

The microemulsion approach has proven to be one of the most frequent ways to
synthesize nanoparticles. This method possesses several advantages such as being
easy to prepare because of its water-soluble nature. Small nanoparticles are formed
in oil due to the presence of small water droplets. Also, several water–surfactant–
oil inverse systems, including water–CTABn–hexane, water–CTAB–pentanol, and
water–CO-520–cyclohexane, have been employed as nanoreactors for generating
nanophosphors, but the technique provides low yield with poor quality. Li et al.
[44] also described a new approach for the production of nanoparticles using a
conventional oil–water microemulsion system with water as the continuous phase.
They also demonstrated that the process for nanoparticle growth in a regular oil–
water microemulsion system differs significantly from the inverse micelle system.
To produce the nanoparticles, a hexane–linoleic acid–water system has been used
as a reactor with water–oil interfaces. This route is giving a high yield as compared
to the traditional inverse method due to the high solubility of the precursors in the
aqueous phase. The synthesis of metal atoms was described by Bönnemann et al. as
a nucleation stage reduction of metal salt precursors, which can then collide with
additional metal ions to create an irreversible nuclear seed of stable metal nuclei
[45]. The nucleation point is where a reverse micelle collides with the arrival of new
reactants due to intermicellar exchange, and this is where the growth stage begins.

3.5 Co-Precipitation Method

Because of the mild working conditions, easy procedures, and less expensive equip-
ment, the co-precipitationmethod is one of the simplest approaches for the production
of nanoparticles. Nanoparticles are obtained when two or more solutions containing
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precursors of desired proportions are mixing under constant stirring. During this
process, insoluble salt from the precursors which was used in the reaction mixture
gets precipitates. The reaction process can be operated either at room temperature
or at elevated temperatures. The elevated temperature might be essential to get more
crystalline nanoparticles [46]. This method is benign and eco-friendly and does
not produce hazardous by-products as compared to the solvothermal method [47].
Solvent, pH value, type of surfactants, ionic strength, and insoluble salts all have an
impact on the generated nanomaterials (chlorides, sulphates, nitrate, etc.) size and
structure.

Several trivalent rare earth ion-activated phosphates have been reported to be
synthesized using the co-precipitationmethod. You et al. used “a water–ethanol solu-
tion to precipitate LaPO4:Ln (Ln= Ce, Tb) and LaPO4:Ce, Tb@LaPO4 nanowires”
[48]. Similarly, Ningthoujam et al. and Grzyb generated “GdPO4:Yb, Tb, and
YPO4:Eu, Bi nanorods in water–glycerine solution, employing polyethylene glycol
as a capping agent for YPO4:Eu, Bi nanorods” [49, 50]. The two groups confirmed
that the presence of a luminescence quencher in the form of an O–H group causes
low emission intensities in the produced samples. The emission intensities rose as
the crystal structure of the particles changed from hydrated hexagonal to dehydrated
tetragonal following annealing at 800 °C.

Moreover, it is hard to synthesize the nanoparticles having narrow-sized distri-
bution particles via the route as it is tough to control the kinetic factors. Separating
the growth and nucleation processes is critical for controlling the particle size distri-
bution of produced nanoparticles, which is nearly impossible in the co-precipitation
approach. Surface modification of the synthesized nanoparticles is also very diffi-
cult using the precipitation route. The luminescence intensity of the samples is also
weak and to enhance the emission intensity, a post-annealing method is required.
But, post-annealing will decrease the hydrophilicity of the sample which is again not
suitable for biomedical applications. For improving the hydrophilicity of the parti-
cles, surface modification is again essential. However, the co-precipitation method is
quite useful for industrial applications because of its high productivity, inexpensive,
eco-friendly, and synthetic convenience.

3.6 Sonochemical Reduction Method

Many researchers have employed the sonochemical reduction approach to fabricate
metal nanoparticles. The reduction of the appropriate metal ions is required in this
method. MnO4−, Au3+, Au+, plus Pd2+ have been reduced sonochemically enabling
the relative synthesis of size and shape-controlled metal nanostructures using this
approach in the absence or presence of organic additives. Controlling the rate of
reduction allows for fine-tuning of the size and shape of metal nanoparticles. K.
Okitsu et al. claimed the use of citric acid as a capping agent for ensuing size-
controlled gold (Au) nanoparticles [51]. Obreja et al. have performed an alcoholic
reduction of platinum (Pt) nanoparticles via the sonochemical reduction method
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[52]. H2PtCl6 was reduced in their study using ethanol, methanol, and propanol as
solvents and reducing agents, as well as organic stabilizers such as chitosan, PEG,
and polyethylene glycol (amide-hydroxyurethane).

3.7 Gamma Radiation

For the creation of metal nanoparticles, gamma radiation is one of the most popular
methods. The approach utterly excludes the use of toxin precursors, relies on environ-
mentally friendly solvents such as water and ethanol, keeps the reaction temperature
at ambient temperature, and produces minimal waste [53]. Researchers and academi-
cians have witnessed that the radiolytic reduction reaction to being a powerful tool to
tailor monodispersed metallic clusters. The excitation and ionization of the solvent
molecule occur when high-energy radiation interacts with a solution of metal ions
[54].

4 Surface Chemical Modification of Nanomaterials

It is evidenced that the properties of the nanomaterials such as the solubility, reac-
tivity, stability, melting point, and the electronic band were decided by its surface
nature [55]. In addition, the surface acts as a bridging agent between particles and
plays an important role in the construction of superlattices for the manufacture of
novel devices. As a result, the only significant focus for new technological improve-
ments is the chemical alteration of the particle surface. Surfactants or stabilizing
agents are necessary during the nanoparticle production process to prevent particle
agglomeration and precipitation. To cap the surface of the resulting particles, many
organic and inorganic compounds have been used.

The interaction of particles in colloidal metallic nanomaterials is caused by weak
van der Waals forces [56, 57]. Thus, overcoming this attractive force is the main
target for morphology-controlled synthesis. Furthermore, several types of surfac-
tants/capping agents can be used to counteract the attractive forces created by steric
hindrance stabilization or electrostatic force stabilization. The type ofmetal, intended
shape, and use of the resulting nanomaterials will all be determined by the nature
of the capping agent. For a colloidal nanomaterial, the interface free decides its
particular shape. Under equilibrium conditions, homogeneous nucleation and seed
nucleation leads to the production of a spherical shape [58]. That is, the crystal
shape is mostly determined by their kinetic process, in which high-surface-energy
facets grow quickly and then vanish, leaving the slowest-growing facets as the final
product’s facets. The ultimate morphology of the material/crystal can now be regu-
lated by adding suitable surfactants to alter the surface free energy at particular facets
by tuning its crystal growth.
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In addition, in the last several decades, morphology-controlled nanomaterial
production has been explored in the absence of any additional organic additives
[59]. The release of H+ from the reaction medium causes the environment to become
highly acidic,whichmay influence crystal growth rates by protonating specific facets.
The fundamental driving force for modifying the pH value is to manage the surface
free energy by modulating the kinetic or thermodynamic factors of the nucleation or
growth stages of the crystals. The release H+ was partially neutralized after adding
NaOH to the developing suspension, modifying the surface free energy of the various
aspects.

5 Growth Mechanism of Different Shape Eu3+ Doped
Yttrium Orthophosphate Microcrystal

An easy method for tailoring different shapes of Eu3+ doped yttrium orthophosphate
microcrystals is the Co-precipitation technique. By absorbing one or more dopant
ions in its lattices, the capping agents utilized in the precipitating system, such as
ethylene glycol, effectively create a potential class of hierarchical networks with
controllable size. The sorption ability of metal ions is largely determined by the
concentration of ethylene glycol utilized in the precipitating system. Aswe know that
adding capping agents to the precipitating solution can change the order of interfacial
energy when they interact with metal ions surfaces. This modification may increase
the rates of development of particular facets of the crystals by limiting the creation of
specific crystal faces [60]. We kept in mind that synthesized materials, particularly
for biological purposes, should be free of harmful precursors and incorporate eco-
friendly ones. As a solvent and capping agent, we are utilizing environmentally
friendly ethylene glycol. Ethylene glycol has two terminal hydroxyl groups that
shield the metal ions, Y3+/Eu3+, allowing the hydrogen ions in the molecule to be
easily replaced by the metal ions, Y3+, forming a complicated structure.

When the precipitation system is prolonged, yttrium orthophosphate nuclei
develop swiftly into the hexagonal phase, benefiting from the OH− group releasing
from the precipitating system to the microcrystal, as seen in the case of NaYF4
nuclei growth [29]. Eu3+ dopant ions displaced Y3+ sites of the host lattice, YPO4,
when they were introduced into the precipitating system. As the precipitation reac-
tion progressed, charge balancing between the reactant molecules occurred, crystal
development took over, and a mixed morphology of small agglomerated seeds and
micro-dumbbells emerged. Due to the effect of the surface energy generated, the little
agglomerated seeds increased in size, and the architecture of the particles altered
to a dumbbell form as the reaction continued. Synthesized particles were changed
into micro-rod architecture when the reaction solution got more basic as the pH
value increased. That is, the crystal development mechanism and crystal structure
behaviour, like degree of supersaturation, reaction–diffusion, surface energy, and so
on, have an impact on the crystal growth process and final product form [61]. A
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Fig. 4 Schematic illustration on the role of various pH values on the size and morphology of
YPO4:5Eu3+

particle’s development habit is linked to the relative order of the generating surface
energies in a particular reaction system, according to certain research [62]. In general,
crystal growth favours the perpendicular direction of the face with greater surface
energy, which reduces surface energies while boosting lower surface energies in the
region [63]. For micro dump bells, the surrounding edges are having higher surface
energy than the central area of the crystal, so that the growth of the crystals mainly
occurs on the edge of the particles. Similarly, the presence of surface energy aids in the
formation of micro-rod structures, whereas edge sharpening and crystal growth rates
in various edge directions are influenced substantially. Furthermore, the microparti-
cles expand dramatically (0.6 μm in diameter and 3.5 mm in height), demonstrating
that the microcrystals develop horizontally and vertically as the precipitating system
ages. The ensuing red-emitting Eu3+ doped yttrium orthophosphate phosphor with
various forms is depicted schematically in Fig. 4. When the pH value and reaction
time was increased from pH 6 to pH 7 (2–3 h), a significant reduction in particle size
occurred, from 5 μm in length (width= 1 μm) to 3 μm in length (width= 0.5 μm),
which could be due to an increase in metal ion dissociation in the precipitating
system, facilitating the formation of monodispersed micro rods.

6 Optical Properties

Strong Plasmon absorption, enhanced Rayleigh scattering, and surface-enhanced
Raman scattering are all-optical phenomena seen in metal nanoparticles that are not
found in bulk materials. Because electrons on the surface of the particles (d electrons
in Au and Ag) can freely move through the substance. Also, plasmon absorption in
metal nanoparticles ismore beneficial due to their small size and non-spherical forms.
Spherical gold nanoparticles, for example, contain only one Plasmon absorption peak
that is independent of particle size. Gold nanorod exhibits two Plasmon absorption
peaks.
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Luminescence is one of the most important methods for exposing the energy
structure and surface states of semiconductor nanoparticles, and it has received a lot
of attention. Electrons along with holes are produced whenever a semiconductor is
bombarded. If the produced electrons and holes do not recombine fast and become
trapped in specific metastable states, energy is required to release them from the
traps and recombine them to produce light. Photoluminescence occurs when they
spontaneously recombine after some time (PL). The fluorescence mechanism in
semiconductor nanoparticles is claimed to be quite complicated, with most nanopar-
ticles exhibiting wide and Stokes shifted luminescence resulting from deep surface
traps.

In our earlier publication, we have confirmed that on comparing the emission
intensity of hexagonal phase YPO4.0.8H2O:5Eu3+ micro-dumbbells to irregular
particles, the regular h-YPO4.0.8H2O:Eu3+ micro-dumbbells are anticipated to emit
more, shown in Fig. 5. Furthermore, t-YPO4:5Eu3+ micro rods exhibit increased
emission, which may be determined by the crystal growth dimension. The orienta-
tion and permittivity constants of the host materials, as well as their architectures,
confirm the transient dipole field. We believe that architectural differences impacted
the ionic dipole field and, as a result, the emission intensity.

Fig. 5 Excitation and emission spectra of YPO4:5Eu3+ particles. The insets present a photograph
of the corresponding eye-visible luminescence
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7 Conclusion

In conclusion, descriptions of particle nucleation and growth have been provided.
Various nanoparticle synthesis methods have been established, and they are appro-
priate for the production of nanomaterials of various sizes and forms. Gamma irra-
diation, sonochemical reduction method, thermal decomposition, sol–gel, and co-
precipitation were among the methods discussed. Due to their unique characteris-
tics, such as high plasmon absorption, increased Rayleigh scattering, and surface-
enhanced Raman scattering, metal nanomaterials have potential uses in electronics,
photonics, biological sensing, and imaging, and other disciplines. Thus, the prepa-
ration strategy, which includes pH adjustment based on the age of the precipitating
system, might be beneficial for sustaining the development of the solution system of
some biologically or technologically essential materials.
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Chapter 11
Nanostructures in Ionic Liquid

Somas Singh Urikhinbam and Lenin S. Shagolsem

1 Introduction

Salts are generally perceived to exist in the solid state, that is, in a crystalline state
at room temperature. The force that binds the ions together in salt is the strong,
long-ranged Coulombic force. This results in the rise of melting points of these salts
to a point that is much higher than the room temperature. The Coulombic force
could be reduced by geometrically anisotropic ions, thereby lowering the melting
temperature. The relatively bulky size, as well as conformational flexibility of the
ions, have contributed to a substantial decrease in the melting point [1].

Liquids that contain entirely or almost entirely ions are called ionic liquids [2].
This description includes liquids that are traditionally known as molten salts. This
molten salt, also known as fused salts, has high melting points.

The advantages of molten salts over aqueous electrolytes are mainly three-
fold: high electrical conductivity, fast electrode kinetics, and wider electrochemical
windows [3]. The upsides of using salts as electrolytes or reaction media in their
liquid state have long been acknowledged. Although molten salts have their advan-
tages, the high melting point of molten salts is sometimes unwelcome. If the melting
point of molten salts could be lowered, this could reap many potential benefits.

Even though ionic liquids (ILs) were first reported by Gabriel [4] in 1888, Paul
Walden is credited with its discovery when he reported ethyl ammonium nitrate
(EAN) in 1914 [5]. EAN was the first example of protic IL with a melting point of
12 °C. Besides this discovery, ILs remained unexplored formore than 40 years.When
it came to finding solutions for electroplatingmetals, Hurley andWeir recognized the
latent advantages of lowering the melting points of the molten salts in 1951 [6]. They
found that, at room temperature, 1-methyl pyridinium bromide–aluminum chloride
([C2py]Br − AlCl3) mixture in a 2:1 molarity ratio was liquid.

S. S. Urikhinbam · L. S. Shagolsem (B)
National Institute of Technology Manipur, Langol, Imphal 795004, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
B. P. Swain (ed.), Advances in Nanostructured Materials, Materials Horizons:
From Nature to Nanomaterials, https://doi.org/10.1007/978-981-16-8391-6_11

181

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8391-6_11&domain=pdf
https://doi.org/10.1007/978-981-16-8391-6_11


182 S. S. Urikhinbam and L. S. Shagolsem

In the 1980s, new researchers began to take interest in ionic liquids and thus
interest in this new field began to spread slowly. During the 1990s, there was an
explosion of interest, and researchers from different academic backgrounds working
with ILs became aware of the work of one another. From this time onwards, the
field of ionic liquid grew significantly, both in terms of the ions utilized and in terms
of the applications being studied. These applications range from research labs to
industries. The [NTf2] anion is a typical example of a fluorinated anion, [6] and it
has been widely employed in the battery community for many years for the same
reasons it is appealing for ionic liquid electrolytes.

2 Protic and Aprotic Ionic Liquids

ILs can be formed by the transfer of a proton fromaBrønsted acid, one that can donate
a proton, to a Brønsted base, which can accept a proton. Such ILs are called protic
ionic liquids (PILs). The degree of proton transfers to produce the salt dictates the
physical characteristics of PILs, which are greatly influenced by the relative strength
of the acid and base. One of the classic examples of PIL is ethyl ammonium nitrate
(EAN), which is formed by the protonation of ethylamine. Since free energy change
determines the amount of proton transfer to form a salt, it has a direct influence on
the properties of the liquid-like vapor pressure or iconicity. Whereas, ions that do
not contain transferable protons are called aprotic ionic liquid (AIL). For example,
[C2mim][BF4], [C4mim][NTf2] etc.

3 Cations and Anions

Since ILs are salts in liquid form, they have cation and anion parts. Most of the room-
temperature ILs have organic species as cations with alkyl chains making a tadpole-
like structure while anions could be organic or inorganic species. Imidazolium, pyri-
dinium, phosphonium, pyrrolidinium, ammonium, etc., are some examples of organic
cations for ILs. While hydrazinium

(
N2H5

+)
, sodium

(
Na+

)
, tetrabromophosphite(

PBr4+
)
are some inorganic cations. As for the anions, they could also be inor-

ganic–chlorine
(
Cl−

)
, hexafluorophosphate

(
PF6−

)
, tetrafluoroborate

(
BF4−

)
, etc.,

or organic, such as bis[(trifluoromethyl)sulfonyl]imide
[
(CF3SO2)2N

]−
, trifluo-

romethyl sulfonate [CF3SO3]− etc. The chemical structures of some cations and
anions are shown in Figs. 1 and 2. A significant characteristic of an ionic liquid
is that the physical and chemical properties may be greatly affected by a change in
cation or anion. The concept of ‘designer solvent’ introduced byMichael Freemantle
[7] is built on the notion that a million combinations of cation–anion will result in
ILs with unique properties. This provides a wide pool from which ILs for particular
applications can be chosen.
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Fig. 1 Chemical structure of some cation species of Ionic Liquid. The layout of the figure was
inspired by Fig. 3 in Ref. [8]

Fig. 2 Chemical structures of some anion species of Ionic Liquid. The layout of the figure was
inspired by Fig. 3 in Ref. [8]
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4 Some Properties of Ionic Liquids

The large variety in their properties is one of the impressive features of ILs. Some ILs
are toxic while others are non-toxic. Some are acidic whereas some are basic. This
difference in properties opens up numerous possibilities for independently altering
the properties of cations and anions.

4.1 Melting Points

The size of anion and cation plays a major role in the ILs’ melting point. With the
increase in the size of cation or anion, the melting point tends to decrease. The
melting point is also affected by the length of the alkyl chain linked to the cation. For
example, the melting point of 1-ethyl-3-methylimidazolium chloride, [C2mim]Cl is
87 °C whereas that of [C2mim][AlCl4] is only 7 °C. Also, [C4mim]Cl has a melting
point of 65 °C, which is 20 °C lesser than that of [C2mim]Cl.

The melting point could also be lowered by mixing another salt into ILs to form
a eutectic mixture. For the pure [C2mim]Cl, the melting point is 87 °C, but upon
mixing AlCl3 in the ratio 1:2 by mole, the melting point becomes—96 °C.

4.2 Liquid Range and Thermal Stability

The temperature range between the melting point (or glass transition) and boiling
point (or thermal decomposition temperature) is known as the liquid range. ILs have
a larger liquid range than most molecular solvents. Due to negligible vapor pres-
sure, ILs do not boil or evaporate, rather the temperature of thermal decomposition
determines the upper limit of the liquid range. ILs have high thermal stability, for
example, 1-alkyl-3-methylimidazolium salts have thermal decomposition tempera-
tures ranging from 250 °C to over 450 °C.

4.3 Vapor Pressure

The lack of measurable vapor pressure or negligible vapor pressure is the most
commonly referred beneficial property of ionic liquid but the least investigated. This
lack of measurable vapor pressure arises owing to the strong Coulombic interac-
tions among the ions in the liquids. Consequently, ILs do not generally evaporate
in reaction vessels and are unable to contribute to air pollution. Even so, distilla-
tion can be done on specific ILs at high temperatures and pressures. ILs with long
alkyl chain imidazolium cations and [NTf2]− anions were predicted by the Rebelo



11 Nanostructures in Ionic Liquid 185

group to be distillable at temperatures between approximate boiling and dissociation
temperatures [9].

4.4 Heat Capacity and Heat Transfer

Thermal conductivity, the amount per unit time at which heat is depleted from the
body, is a transport property of ILs which is important for many applications. The
thermal conductivity of ILs decreases slightly with the increase in temperature but
increases significantly when the ILs contain water. Thermal conductivity is not a
commonly studied property of ILs, probably because it is relatively difficult to
measure or predict precisely.

The heat capacity of an ionic liquid is the quantity of heat required to raise the
temperature of a unit mass of the substance by 1 K. For most liquids the specific heat
capacity lies in the range 1.6–2.1 Jg−1 K−1. While those liquids containing hydrogen
bond-like water have a higher value of 4.186 Jg−1 K−1. On studying the specific heat
capacity of five commonly used ILs: [C4mim]Cl, [C4mim][PF6], [C2mim][PF6],
[C6mim][PF6] and [C4mim][NTf2], specific heat capacity is reported to be in the
range 1.17–1.80 Jg−1 K−1 at 100 °C [10].

4.5 Viscosity

In general, the viscosity of ILs is significantly higher than that of regular organic
solvents. As compared to water, its viscosity is at least 10 times higher. And the
room temperature viscosity of ILs usually varies from 10 cP tomore than 500 cP [11].
Vogel–Fulcher–Tammann (VFT) gives the temperature dependence of the dynamic
viscosity,η. According to it, an increase in temperature rapidly decreases the viscosity
of ILs. The cation size, particularly with alkyl chain length, is known to influence
the viscosity linearly. Also, impurities can have certain effects on viscosity.

4.6 Density

ILs have a higher density with less bulky cations or a short alkyl chain than with
bulkier cations. Its density is generally higher than water and is reported to mostly
depend on the anion and cation [12–14]. Temperature changes, unlike viscosity, have
a minor impact on the density of ILs.
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4.7 Solubility

The broad variation of solubility and miscibility properties of ionic liquid is one of
the most stimulating features of ionic liquid. They can even dissolve both ionic and
covalent compounds. By designing or selecting the right ionic liquid, an extensive
variety of organic/inorganic gases, liquids or gases can be dissolved. The discovery
that ILs can dissolve kerogen, which is a fossilized organic material found in sedi-
mentary rocks, while remained insoluble to other solvents, shows the dissolving
power of ionic liquid [15]. This dissolving ability of ILs is attributed to its polarity
and the coordination ability of its ions.

4.8 Water Stability

The stability of ILs in water varies considerably. Althoughmany ILs are water stable,
there are some exemptions. For example, ILs with [PF6]− and [BF4]− cations are not
stable in water. ILs which are based on half aluminum, such as [C4mim]Cl−AlCl3,
react strongly with moisture or water and decompose forming hydrogen halide gases
and corrosive hydrohalic acid.

4.9 Conductivity

Ionic conductivity and electrochemical stability dictate the applicability of ILs for
electrochemical applications. Whereas aqueous electrolytes depend on dissolved
salts for their ionic conductivity, ILs possess an intrinsic ionic conductivity since
they consist of ions. The conductivity of ILs will inform us of the degree of ion
pairing or aggregation in the liquid since ion pairs and aggregate formations reduce
the conductivity. The efficiency of ILs in an electrochemical system is determined
not only by the structure but also by the dynamics of the ions. The rate of diffusion
in the electrolyte influences the mobility of charge carriers. In turn, the rate of diffu-
sion depends inversely on the viscosity of the electrolyte. As mentioned above, the
viscosity of ILs reduces with the temperature rise. In ILs, the existence of both the
cations and the anions affects both their viscosity and diffusion rates.

4.10 Electrochemical Potential Window

Electrochemical potential window, which is the potential range within which the
electrolyte is stable, for ILs depends on various factors, mainly the cations, anions,
and the purity of ILs. The oxidation limit at positive potentials is usually determined
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by the stability of anion, although it is not always the case. And, the negative potential
limit is determined by the stability of the cation.

5 Simulation Approaches to Understanding the Structure

Every reputable discipline of science is built on a complex web of theory and exper-
iment, hypothesis and observation. When fresh ideas prompt new experiments and
discoveries need new conceptions, great strides are accomplished. The strong rela-
tionship between measurements and thermodynamics makes it difficult to assume
that our current understanding of solutions is solely empirical. The thermodynamics
of ILs was assumed to be a highly theoretical study. For example, profound knowl-
edge of thermodynamics is required to estimate the partial molar relative ionic
entropy of NaCl in dilute solution. However, such weighty issues do not influence
the understanding of an ion in solution, a concentrated ionic solution, or an ionic
liquid.

The conceptualmodel of liquidmust be such that highlymobilemolecules interact
with each other through complex intermolecular forces. Averaging of the motion of
these microscopic molecules and the interactions over time gives a macroscopic
overview describing the thermodynamic parameters accurately. However, there is
an extreme difficulty in the successful application of such statistical mechanics’
procedure designed for this purpose. In the study of ILs, the importance of computer
simulation techniques resides in the capability to evaluate the movements of each
molecule, the interactions among them, and the ensemble as well as time averages
of the quantities. In studying the computer simulation of fluids, two main techniques
have been used viz. (i) Monte Carlo (MC) simulations and (ii) Molecular Dynamics
(MD) simulations.

The method of molecular dynamics uses the solution of Newton’s equations of
motion which is solved numerically. Newton’s law, stating that the net force on
a particle is equal to the rate of change of momentum of the particle, gives 3 N
simultaneous second-ordered differential equation. Solving them in turn gives the
positions of the N particles. Periodic boundary conditions are used to simulate a
portion of the bulk fluid. Both equilibrium and time-dependent characteristics may
be calculated usingMD. Several properties can be swiftly calculated. Such properties
include such as energy, pressure, radial distribution function, diffusion coefficient,
and velocity autocorrelation function, etc.

Having stated that the structure of afluid canbe studied using computer simulation,
one might wonder if there is a structure in liquid as its molecules are constantly
shifting their positions. Nonetheless, the radial distribution function (RDF) can be
used to describe the average positions, and the same quantity may be calculated
indirectly using X-ray and neutron scattering experiments. Peaks in the RDF signify
a heightened probability of finding an ion at that distance from the center ion. In
the RDF, the first peak represents the nearest neighbor, and the succeeding peaks
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represent the following center of masses. As a result, measuring the distance between
peaks provides information on the length scales of ordering within the IL.

6 Nanostructure in Bulk Ionic Liquids

In contrast to most molecular liquids, ILs have a well-defined bulk liquid and interfa-
cial nanostructure. The nanoscale heterogeneity observable on a length scale bigger
than the ionic liquid ions are referred to as nanostructure. Strong inter-molecular inter-
actions for instance hydrogen bonding, Coulombic interaction, electrostatic interac-
tion, and Van der Waals forces, between charge species of ILs form distinct polar
(charged) domains. The source of this nanostructure is ion amphiphilicity. Apolar
moieties (usually alkyl chains) are solvo-phobically ejected from these charged areas,
resulting in the formation of apolar domains. These polar and apolar regions perco-
late through the bulk to form a bicontinuous nanostructure. The presence of an IL
bulk nanostructure was predicted by MD simulations and experimentally confirmed
by radiation scattering studies for a variety of ILs [16–18].

Coulombic forces largely control the bulk amphiphilic nanostructures ejecting
non-polar groups. The general arrangement of polar domains and non-polar domains
is determined by simple packing constraints similar to that of surfactant self-assembly
[17]. A dense H-bond network, which was originally assumed to be crucial for
amphiphilic nanostructure, is no longer required, and H-bonding plays a minor role
in electrostatics in PILs [20, 21].

6.1 Micelle-Like Nanostructure

Margulis suggested an inversemicelle-like structure inAILs, [Cnmin]PF6 [22],where
spherical anions attract five or more cations in such a manner that the cation head
solvates the negative charge and the alkyl tails are pushed outward, producing an
interior polar region and exterior apolar region. Similarly, a micelle-like structure
was also postulated by Triolo et al. [19] using XRD measurements. Greaves later
reported similar findings with PILs. Small-angle X-ray scattering (SAXS), as well
as wide-angle X-ray scattering (WAXS), studies for a large diversity of cation and
anion combinations, were used to develop the micelle-like model in PILs. Schematic
representation of [Cnmin]PF6 forming a micelle structure is shown in Fig. 3.

6.2 Mesoscopic Nanostructure

Studies using MD simulation suggested the formation of solvent nanostructures as a
function of alkyl chain length [23–25]. With the increase in length of the chain, the
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Fig. 3 Schematic representation of 3-n-alkyl-1-methylimidazolium-based RTILs with PF6 anion
forming a micelle-like structure. Figure reproduced with permission from Ref. [19]

formation of the heterogeneous domain by aggregation of alkyl tails together became
more pronounced. Later studies by the Canongia Lopes group reinforced this model
[26]. They reported the formation of a three-dimensional ionic network. Also, hydro-
carbon domains can be integrated into a sponge-like, bicontinuous nanostructure by
extending the chain of the alkyl group as shown in Fig. 4.

XRD findings show convincing indication of the self-assembled nanostructure,
whether viewed as reflecting a micelle-like structure or bicontinuous shape. If the
length of the alkyl chains is greater than 4 carbons, a well-defined peak is formed,
which is an indication of amphiphilic self-assembly [17]. The main peak is located a

Fig. 4 Snapshot of simulation box containing [Cnmim][PF6] ILs, where n = 2, 6, 12. Red region
represents the polar domains while green represents nonpolar domains. Figures reproduced with
permission from Ref. [26]. Copyright 2006 American Chemical Society
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distance greater than the single ion or ion-pair, this validates longer-range structuring
in the solvent. Scattering studies [27–29] proposed that in the bulk phase, for a chain
length of the alkyl greater than or equal to 4 carbons, there exists a sponge-like
nanostructure. Lower this critical chain length, globular nonpolar regions are formed.

With the abundant data from simulation studies of aprotic ILs, [20, 24, 30, 31],
the formation of mesoscopic structures in ILs is confirmed. Many force fields, as
well as interaction potential for simulating ionic liquid, can be cross-validated as
there are several simulation studies performed [30, 32–39]. The study carried out
by the Canongia Lopes group indicates that changing the geometry of the cation
from that of imidazolium to tri-alkyl methyl-ammonium gives different bicontinuous
nanostructures [40].

6.3 Nanostructures in IL-Solid Interface

At simple solid—ionic liquid interface: The chemistry of solid–liquid interface
differs greatly from the bulk liquids as there is the change in structure and dynamics
of solvent molecules at the interface, and continuum theories, which predict unstruc-
tured bulk liquid, fail. ILs show oscillatory density profiles similar to ion pair or
bilayer dimensions [41–46]. Since ILs can self-assemble, the origin of their struc-
ture is different from that of solvation layers in molecular liquids. The structure of
ions at the surface is best labeled as layered or lamellar-like and resembles in various
ways the structure of adsorbed surfactant layers on lower length scales [47, 48].

Charged non-metal interface: Atomic force microscopy (AFM) experiments
were used to study the structuring of molecular liquids perpendicular to the interface
and that is adsorbed on the liquid–solid interface [49–52]. Ethyl ammonium nitrate
(EAN) ionic liquid—mica interface was studied using amplitude modulation (AM–)
AFM experiments. In this study, three different regimes were found: (a) a sponge-
like nanostructure in bulk, (b) a layering arrangement near the interface, and (c) a
worm-like arrangement at the interface with the surface. From the simple structures
of mica and EAN, the above results suggested that a large number of ionic liquids
will show similar patterns at the solid–liquid interface as shown in Fig. 5.

Studies from the surface force apparatus (SFA) experiments also show the occur-
rence of oscillatory layering of ions [54]. Amusingly, no findings of such layering
were reported in a large number of SFA papers. [55–57] The reason for the absence
of layering was attributed to the large Debye lengths, surface roughness, or strong
repulsive force superimposed on the oscillatory forces.

Carbon interface: Graphite is known to have a smooth surface made of carbon
atoms; hence its interaction with ILs is quite different from the usually studied mica
or silica [58]. Even though graphite is electrically conductive, electric-field can easily
enter to some distance (in Å); showing interesting surface chemistry. When single-
walled carbon nanotubes are mixed with AILs, gel formation is reported: suggesting
that the interactions between uncharged or charged groups of ILs are strong [59].
A structure, on which many researchers agreed upon, emerges which suggests that
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Fig. 5 AFM image of EAN—mica interface with increasing interface—tip distance from a–c.
Shown here is a adsorbed the innermost layer of ions on mica, b wormlike structure a further away
from the interface, and c sponge-like structure in the bulk. Reproduced with permission from ref.
[53]. Copyright 2013 PCCP Owner Society

layers of ions are arranged close to the surface causing an increase in solvent density.
XRR studies and electrochemical AFM [60–62] experiments at the interface support
the suggested structure.

Metal interface: IL structures have been studied at the unbiased metal interface
both experimentally and in theory. The presence of strong ion adsorption is evident
from these studies [63, 64]. Results from AFM experiments on Au(111) surface are
in agreement with the structures at other non-metallic surfaces, such as silica or mica
[42]. Study of mercury—IL interface using synchrotron-based XRR data suggest the
self-assembly across lateral and longitudinal direction [65]. The checkerboard pattern
in the lateral direction while perpendicular to the interface, and bilayer structure were
reported.

Ionic liquid films: For applications such as corrosion inhibition, catalysis, lubri-
cation, or analytical applications, to mention some, where a tiny quantity of stan-
dalone IL is deposited over a solid to provide some functional benefits, understanding
the behavior and structure of IL films are significant. The structures present at the
AILs interfaces with numerous substrates including silica, [66] mica, [67], etc., were
studied using several techniques used to study surfaces. Results on mica indicate that
the ILs, in the micrometer scale, are patchy in lateral dimensions. Primarily, layer-
by-layer development is observed for Ni(111), and at sub-monolayer coverage, a
bi-layered structure is adopted by the ions.

7 Exploiting Nanostructure in Applications

Nanomaterial production is difficult owing to the unusual working situations of small
length and time scales, as well as large surface-to-volume ratios. To bridge the effi-
ciency gap, synthetic nano-reactors are being explored because of their distinct cavity
or nano spaces in which reactions can occur. Although scaling of self-assembled
phases forming polar or apolar domain has not been achieved, studies have been
carried out for mass nanofabrication. Thus, ILs have been recommended as prospec-
tive self-assembled nano-reactors. The bicontinuous phase is formed naturally in pure
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ILs and in high water content, the structure is also quite tough [68]. This suggests
that IL is well suited for the nanotechnology revolution.

In several IL solvents, nanosized andmicrosized particles are frequently produced
without aggregation. The internal structure of the ILs is responsible for the size of
metal nanoparticles [69] since nucleation and development of metal nanoparticles
seem to be confined in the apolar domain.

For polymers, many benefits are offered by ILs as functional additives or as a
solvent for polymerization [70, 71]. Because of the solvent nanostructure, long-chain
polymers as well as hydrophobic and hydrophilic monomers can be easily dissolved.
Furthermore, the efficacy of ILs as additives is linked to ion amphiphilicity, indicating
a direct involvement of self-assembly in structural regulation.

Electrodeposition: ILs have a large electrochemical window. And owing to this,
electrodeposition of minerals like Al, Bi, Co, Cu, Ge, etc., can be easily executed.
Since normal electrolytes have very small electrochemical windows and break down
easily, most of the electrodepositions cannot be performed in these normal elec-
trolytes. The ion–surface interaction strongly influences the size and morphology
of the electrodeposit. If there is strong interaction, nanocrystalline deposits appear,
whereas large microsized deposits appear when the interaction is weak [42].

Medicine and medical research: Medical research is one new area of ionic liquid
interest. ILs have been sluggish to gain traction in the field because ionic liquid ions
are thought to be poisonous and bioaccumulative. This situation began to change after
the Gordon Research conference in 2014 [72]. ILs, after tuning the ion structures to
match or resemble neutral molecules, began to be included in active pharmaceutical
ingredients, preservatives, antibiofilm agents, prodrugs, disinfectants, etc. [73–75].

Almost half of all the medications are delivered as salts (solid). The ionic form of
ionic liquid is critical to its function and also underlines its medical science heritage
inmanyways [76]. Till now,much of the research work has gone toward customizing
the structure of the material such that it melts at a temperature below 37 °C. This
allows the candidate ILs to be delivered and persist in the human body as a fluid.

Cellulose dissolution: A wide range of chemical compounds including lipids,
biopolymers, and other small molecules can be extracted from various biomaterials
such as lignocellulose biomass, microalgae, coal, etc., using ILs. IL anion, IL cation
structures, side-chain length, functional group, and cation size have been identified
as the factors that dictate the lignocellulosic biomass dissolution [77]. Cellulose is
known to be amphiphilic, in the crystal hydrophobic interactions help to keep it stable
in the liquid phase. [78] Every successful dissolution of cellulose in an IL occurred
when one of the ions is amphiphilic. A thorough understanding of the mechanism of
how ionic self-assembly facilitates biomass dissolution is essential [79]. Recently,
the impact of acid hydrolysis on cellular dissolving in an ionic liquid under moderate
conditions is investigated [80].

Mineral extraction: Mineral processing is a unique use of ILs for analytic sepa-
ration [81]. Extracting minerals from ore requires a lot of energy and a huge amount
of solvent [82]. But ILs are not possible to replace techniques like the froth floatation
process due to the high cost of ILs. Even so, ILs can be used as additives to regulate
the surface tension for their surfactant-like behavior. Understanding self-assembly is
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anticipated to be crucial in developing future material recovery solutions using ILs.
Recently, the extraction of rare earth metal ions with an undiluted hydrophobic pseu-
doprotic ionic liquid is studied [83]. More study on ionic liquid solvation is needed
since recovery could be done simply by nucleation, aggregation, or precipitation.

Energy storage: There has been much hype for ILs for energy-based applications
like batteries, fuel cells, capacitors, solar cells, thermal energy storage mediums.
Surprisingly, solid ILs or quasi-solid ILs electrolytes give better results, signifying
the future contribution of ionic liquid crystals or glass structureswill not go unnoticed
[84, 85]. A variation of an existing ionic liquid model has been studied to investi-
gate the effect of surface transition and adsorption on ionic liquid capacitors [86].
The thermal conductivity, as well as the charge transport mechanism, is associated
with degrees of ion self-assembly. Because of the reasons mentioned above, further
fundamental research is needed to guide the ionic liquid design, structures created,
and the general efficiency of the process.

CO2 capture: ILs also find their way to carbon dioxide gas capture applications
[87, 88]. An ion structure that reacts to CO2 gas or one that physically dissolves
CO2 is two different scenarios reported in many studies. Chemically trapping CO2

is encouraging because ions in ionic liquid to modified for better stoichiometries by
functionalizing with amine groups. One disadvantage of this method is that it might
result in a significant increase in solvent viscosity but there are ways to overcome
this, for instance, selecting counter-ions such that the H-bonding network is not
supported. Another intriguing option is to employ ILs containing benzimidazole,
which modifies the phase from solid to liquid when carbon dioxide is dissolved. The
mixture of water and ionic liquid having basic anions such as imidazolate or acetate
can be used as an aqueous buffered solution in which water molecules trapped by
ion pairs react with carbon dioxide reversibly to form bicarbonate species [89].

Lubrication: Owing to the strong interaction between ILs and surface, and the
self-assembly capability in confined interfaces or bulk, ILs hold many advantages
over conventional lubricants. This implies that under surface compression, ILs with-
stand being squeezed out, leading to a strong boundary coating that can withstand
large pressure than amolecular lubricant of equivalent quantity [90]. Even after being
dissolved in a different solvent, ILs’ ability to self-assemble is preserved, this paves
the road for ionic liquid additives in tribology [91, 92]. If the second solvent promotes
amphiphilic self-assembly, even a 100-fold dilution will have the same effect as the
pure ionic liquid to lubricate its surface. Several types of research are being carried
out in this field, such as recently Mozes group explored ILs as grease base liquids at
different base liquid concentrations [93]. This study suggests that ionic liquid base
liquids can produce the unexpected shear thinning effect.

8 Conclusion

In summary, the ionic liquid is one of a kind liquid with huge potential for a wide
variety of applications. Low vapor pressure, large electrochemical windows, the
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ability to dissolve cellulose are some of the many properties that caught the attention
of many researchers. Besides, by choosing the right combination of cation and anion,
one canmake an ionic liquid suitable to their needs. This characteristic in combination
with its low melting temperature becomes the main selling point of ionic liquid.
Because ILs are more complex than molecular solvents, their bulk and interfacial
structure differ significantly. The ability to self-assemble is responsible for many of
its unique properties and structures in bulk and at the interface. This ability is solely
responsible for many of the past, current, and future interests in ionic liquid.

Nanostructures formed in ILs are due to ion amphiphilicity. Apolar species,
usually alkyl chains, are solvophobic and they group forming the apolar domains,
while the polar (charged) parts of the ions group together to form the polar domains.
This leads to the formation of nanostructures such as micelle-like nanostructure,
sponge-like bicontinuous structure, globular structure, or layering formation. These
nanostructures can be exploited to be used in applications like cellular dissolution,
mineral extraction, energy storage, etc. Certainly, an ion structure that reacts to CO2

gas can be used to capture CO2. There is an ever-increasing interest in the effect of the
amphiphilic nanostructure of ILs owing to the various applications they can provide.
Understanding these nanostructures from simulation as well as experimental points
of view will open doors to a wide variety of applications.
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Chapter 12
Recent Advances in Nanostructured
Polymers

Thoudam Vilip Singh and Lenin S. Shagolsem

1 Introduction

Polymers are already interesting on their own. However unimaginable it may seem,
our DNA and a piece of plastic are fundamentally similar to each other in the sense
that they are both polymers. If we look at the molecular scale, both of them are
made of repeating units called monomers. They are the fabric of the natural world.
Beyond this, our lives also depend on a broad range of synthetic polymers. The
discovery and the invention of polymers have revolutionized industries. On the other
hand, nanotechnology has proven and still has great promise to offer countless break-
throughs that have and will change the course of technological advances in the fields
of physics, chemistry, biology, materials science, and engineering. When nanotech-
nology combines with polymers, they can bring out superior and improved properties
of matter and give opportunities to a lot of applications that are previously impossible
in the bulk forms.

On the other hand, nanotechnology holds the key to solving numerous problems.
For instance, the mortality rate due to infectious disease, especially in developing
countries where there are inadequate vaccines, is quite high. Regarding the treatment
of these infectious diseases, the use of nano-sized carriers for novel and existing drugs
has great potential to prevail over many concerns like low on-target bioavailability
and inadequate accumulation of the therapeutic drugs in the target site [1]. Further-
more, today we are facing extraordinary health and social crisis globally because
of the coronavirus disease 2019 (COVID-19) pandemic caused by acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2). Disinfectants and sensors based on
nanotechnology for SARS-CoV-2 were reported by Talebian and coworkers [2].
Other means to fight this disease include the use of nanotechnology-incorporated
surface sanitizers. Medical provisions like respiratory masks that are made efficient
at the filtration of unwanted elements and that have antimicrobial properties aremade
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with the use of nanofibers, and nanoparticles. Moreover, several of these nanostruc-
tured materials are based on different types of polymers. Rashidzadeh et al. reported
the role of polymer-based nanotechnology in providing nano-based therapeutics in
the fight against the novel coronavirus [3]. Polymer-based nanostructured materials
have already been used against respiratory viruses [4–6]. Our well being is also
defined by the availability of safe, clean, and adequate water. In the context of global
water issues, engineered polymer-based nanomaterials can be of use in removing
organic and inorganic contaminants from wastewater [7]. Although nanotechnology
has endless opportunities to tackle our problems, nanosafety must be kept in mind.
Recently, the toxicology and the ecotoxicology of polymeric nanoparticles were
reported [8]. The same goes for its impact on the COVID-19 pandemic [9].

One of the most awe-inspiring things about human beings is their moral fiber to
never stop improving the ways of their living. In this endless journey of progress
and development, materials science plays a critical role. A fragment of this subject is
polymer science and the concern of this chapter is a concise study of the recent
progress in nanotechnology and their materials based on polymers. Polymeric
substances in which the internal structures are tailored at the nanoscale are referred
to as nanostructured polymers.

2 Polymer-Based Nanostructured Materials

2.1 Polymer Nanoparticles

There are colloidal solids in which sizes range from 1 to 1000 nm that can be
combined with an active compound with a polymeric core. They are called polymer
nanoparticles. Two things characterized by morphologies are taken into account
when we talk of nanoparticles. They are polymer nanospheres and polymer nanocap-
sules. Polymer nanospheres take the form of solid spherical polymeric networks and
are thus also known as matrix-type nanodevices or simply matrix systems. They are
often used in drug delivery where the bioactive elements of the drugs are adsorbed
on the spherical surface or kept inside the nanoparticles. On the other hand, polymer
nanocapsules are characterized by the presence of solid network-like polymeric shells
in which the active elements or proteins or the drugs are put inside a liquid like water
or oil.

2.1.1 Polymer Nanospheres

Polymer nanospheres are small enough to pass any capillary vessels. Specific organs
such as the liver, lungs, and spleen can be targeted through a variety ofways viz. nasal,
oral, parenteral route. Because of these advantages, their applications include drug
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delivery, theranostics, bioimaging, investigation of in vitro anti-glioma, and anti-
inflammatory activities. There are, however, disadvantages of using these particles.
Not only does it take skill to produce them, but they are also difficult in handling in
dry or liquid forms. Moreover, there is a problem of nanospheres aggregation.

Different types of polymers are used in their synthesis and production. They
include biopolymers such as chitosan, albumin, and gelatin. Homopolymers
like poly(lactide) (PLA) and poly(lactide-co-glycolide) (PLGA) are also used.
Poly(lactide)-poly(ethylene glycol) (PLA-PEG) and poly(lactide-co-glycolide)-
poly(ethylene glycol) (PLGA-PEG) are copolymer while dextran and polyvinyl
alcohol (PVA) are polymeric colloid stabilizer used in designing the polymer
nanospheres. For instance, PLA and PLGA were used in making polymeric core–
shell nanoparticles that can be used in drug delivery technology. Rapamycin-loaded
polysorbate 80-coated PLGA nanoparticles and fenofibrate-loaded biodegradable
nanoparticles were used for the study of diabetic retinopathy and ocular neovascu-
larization [10] (Fig. 1).

Depending on the function of the nanoparticles, they are produced in different
ways. One such process is called solvent evaporation or extraction method [12,
13]. Here the first step is the preparation of a suitable organic phase which takes
into account a polar organic solvent to dissolve the polymer and the active substance
included by dispersion or dissolution. The use of chemicals like dichloromethane and
chloroform has been replaced by less toxic ethyl acetate. Next, it is in the aqueous
phase in which the organic solution is emulsified with the help of a suitable emulsi-
fying agent like polyvinyl alcohol or gelatin to form oil-in-water (O/W) emulsion.
A high-speed homogenization ultrasonication is carried out to give a dispersion of
nanodroplets. By constantly stirring, the solvent is evaporated at ambient temperature
or evaporated slowly in reduced pressure. The result is a suspension of nanoparticles.
Later on, the solidified nanoparticles are centrifuged for collection and lyophilized
for long-term storage. The next process is called the salting-out method in which

Fig. 1 Scanning electron micrographs (SEM images) of a poly(styrene-b-2-vinyl pyridine) (PS-
b-P2VP) nano-blocks achieved by ultrasonication and b PS-b-P2VP nanospheres fabricated via
swelling the nano-blocks. (With permission from Ref. [11] Copyright (2011) American Chemical
Society.)
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a water-miscible solvent is separated from the aqueous solution via the salting-out
effect resulting in the development of polymeric nanoparticles, that is, the polymer
nanospheres [14]. First, the polymer is dissolved in an appropriate organic solvent.
The organic phase is dissolved in an aqueous phase consisting of a gel, the salting-
out agent like electrolytes (MgCl2, and CaCl2), and non-electrolytes like sucrose,
and a colloidal stabilizer. This is done so under intense mechanical shear at room
temperature to form o/w emulsion. A suitable volume of de-ionized water is added
to dilute it under mild stirring to increase the diffusion of the organic solvent into
the aqueous phase. Eventually, nanospheres are fabricated whose dimension ranges
from 170 to 900 nm. Lastly, the nanospheres are purified through the process of
centrifugation and the salting-out agent is removed. There are other processes such
as the desolvation method where biopolymers like albumin are used [15]. In short, a
polymeric solution is created using poly(ethylene glycol) and the active ingredient
is dissolved in an organic solvent like ethanol, which is added in a dropwise manner
into the polymeric solution under magnetic stirring. A cross-linking agent is then
added and kept for 12 h giving rise to nanosphere suspension. After this, the process
of centrifugation and freeze-drying is carried out to get the desired nanospheres. The
double emulsionmethod is also utilized in the synthesis of polymer nanospheres [16].
It engages in the formation of multiple emulsions. Both the polymer and the drug
to be used are in an internal aqueous phase. To get a single emulsion, the aqueous
solution is dispersed in the organic polymer solution which is continuously stirred. It
is added dropwise into an external aqueous solution that contains surfactants. This is
also carried out with continuous stirring by ultrasonication or homogenization. The
result is a double emulsion. Like most other methods, the nanospheres collected are
washed, and freeze-dried.

2.1.2 Polymer Nanocapsules

Polymer nanocapsules find applications in oral drug delivery, in the study of anti-
cancer, anti-inflammatory, antibacterial, anti-fungal actions, in the investigation
of in situ tissue regeneration and severe combined immunodeficiency diseases to
mention a few. Palmarosa oil-loaded PCL and geraniol-loaded PCL nanocapsules
are used as an antioxidant and an antimicrobial. There is a class of biocompatible and
biodegradable synthetic polymers called Eudragit® polymers having various ratios
of methacrylate and acrylate that can be used as coatings in drug delivery applica-
tions. Thyme oil-loaded Eudragit®L100-55, bergamot oil-loaded Eudragit®RS100,
orange oil-loaded Eudragit® RS100 nanocapsules are also seen in antioxidant and
antimicrobial applications. Ciprofloxacin-loaded PLGA and poly(ε-caprolactone)
(PCL) nanocapsules are used in accelerated healing and anti-inflammatory studies.
Cur-loaded PLGA, and colloidal nanocapsules have been used in investigations
related to antibacterial activities and pancreatic cancer (Fig. 2).

In nanocapsules, their polymeric shells are of utmost importance as they load,
protect and release the active ingredient of the drug. The stability and efficiency of
the encapsulation and release are checked in creating these nanoparticles. Higher
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Fig. 2 a A representation showing that the permeation by the particles into the nanocapsules is
dependent on their sizes. Cyro-transmission electron micrographs (TEM images) of vacant lipo-
somes b and liposomes which are loaded with monomers before the polymerization of monomers
in the hydrophobic interior of the lipid-bilayer c. Scanning transmission electron microscope image
d, and scanning electron micrograph e of characteristic Au nanoparticles which are trapped inside
a hollow polymer nanocapsule. (With permission from Ref. [17])

is the biocompatibility and biodegradability, better is the nanocapsules in a drug
delivery process. Biopolymers like polysaccharides are often used in pharmaceu-
tical applications as their biocompatibility is high and they can profit from gelation
forms and mucoadhesive properties. They can form polymeric shells of nanocap-
sules by the Coulombic interactions of the cations and the anions that reside in
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the deprotonated amino and carboxylic groups of the polysaccharides. Some of
the polysaccharides used in making polymer nanocapsules are chitosan, alginate,
heparin, and poly(cyclodextrin). There are also those which are based on protein like
albumin. HspG41C mutant protein-based nanocapsules have been used in the study
of anti-cancer activity. However, synthetic polymers like aliphatic polyesters, PEG,
polyvinyl alcohol (PVA), and Eudragit® polymers are also employed in the fabrica-
tion of polymeric shells of the nanocapsules. One advantage of being synthesized is
their reproducible quality, purity, and their ability to tune with different elements.

On the other hand, the core of polymer nanocapsules may be a solid or a liquid
which can carry the drug or any active substance, or it can simply be hollow. For
instance, the oleic core is often used owing to its ability to dissolve lipophilic drugs.
Other oily cores include the copaiba oil used in PCL nanocapsules and açai oil used
in anti-inflammatory desonide drug-loaded Eudragit® RL 100 nanocapsules. The
core can also be in the aqueous phase to promote sustained delivery of hydrophilic
molecules such as gemcitabine and hydrochloride which are hydrophilic anti-cancer
drugs. One example of a core consisting of a solid-state polymeric matrix is the
pectin gel core which is used in the investigation of glaucoma treatment through
ocular delivery.

The polymer nanocapsules are synthesized in different ways. Nanoprecipitation,
also known as interfacial deposition method or solvent displacement method, is one
process to do so [18]. Following the displacement of the organic solvent into an
aqueous phase, the interfacial deposition of the polymer takes place. This macro-
molecule is dissolved in a suitable solvent and the solution is put dropwise using a
thin needle into an aqueous solution with constant stirring. Owing to spontaneous
diffusion in that phase, polymer precipitates are created in the form of nanocap-
sules and nanospheres. When the active substance is in that solution, nanospheres
are formed. However, the active material is dissolved in an oil, pursued by emulsi-
fication of this organic polymeric solution but before the internal phase, which has
a polymer dissolved in a miscible organic solvent, is dispersed in the external phase
of the emulsion. High energy instruments can be used in synthesizing nanocapsules
by a method called the nano-emulsion template method [19]. The organic phase
used in this method is emulsified with the use of a surfactant as well as under the
application of steady energy processes like homogenization and sonication. In the
emulsion-diffusion/evaporation process, the organic phase is emulsified in an inor-
ganic one thereby eliminating the organic solvent by evaporation. The nanoparticles
so obtained are a combination of polymer precipitation and evaporation process. In
the emulsion-coacervation method which is another type of nano-emulsion template
method, the polymeric shell is formed and stabilized through chemical cross-linking
or physical coacervation. Another method worth mentioning for the synthesis of
polymer nanocapsules is the layer-by-layer method where the nanocapsules consist
of many layers [20]. By controlling the thickness and the composition of the poly-
meric shells, and by the way, the layers are ordered, this method can be applied in
targeting and releasing drugs in various environments.
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2.2 Polymer Nanofibers, Nanotubes, and Nanowires

2.2.1 Polymer Nanofibers

Polymer nanofibers are polymer-based fibres inwhich at least one of their dimensions
has a size of 100 nm or less. They fall under a class of nanostructured polymeric
materials characteristics of remarkable qualities like optical confinement, increased
surface-to-volume ratio, high molecular diffusion, minute allowable bending radius,
and high anisotropic electrical conductivity. There are various processing methods
in the fabrication of polymer nanofibers. Some of them include electrospinning,
drawing method which is also known as spinneret-based tunable engineered param-
eters (STEP)method, template synthesis, self-assembly, andphase separationmethod
(Fig. 3).

In electrospinning, continuous polymer-based nanofibers are created from
polymermelts or solutions due to the electrostatic forces [22]. It is themost frequently
used process for the production of polymer nanofibers. Normally, the electrospinning
system is made up of three parts. The first one is a capillary tube which consists of

Fig. 3 Field-emission SEM image of electrospun a mussel-inspired copolymer nanofibers and b
these nanofibers incorporated with Ag-nanoparticles, and high-resolution TEMmicrographs of the
nanofibers following incubation for c twenty-four hours, d twelve hours, and e six hours. f TEM
micrographs of Ag-polydopamine-coated sample following 6 hours incubation. They could be
used in wound dressing applications. (With permission from Ref. [21] Copyright (2015) American
Chemical Society.)
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a needle or a pipette. The second is a metal plate for collecting the nanostructured
products and the third is a voltage supply that is required to generate a charged solu-
tion to jet into nanofibers. One electrode used in this setup is kept in the polymer
solution while another one is fixed to the collector. Under the application of high
voltage, polymer filaments are produced in the solution. When ejected out from the
needle or the pipette, the solution jets evaporate only to develop into nanofiberswhich
are collected on the metal collector. Both biopolymers and man-made polymers are
utilized in the process. In applications that involve medicine, biopolymers are more
commonly employed due to their biocompatibility as well as their lower immuno-
genicity. Some examples of these natural polymers are cellulose, collagen, casein,
chitosan, chitin, gelatin silk fibron, etc. Nanofibers based on chitin/chitosan have
been reported to have antibacterial and physicochemical properties and therefore
are applied in tissue engineering and wound dressing applications. Those based on
gelatin have good biodegradability and biocompatibility in physiological environ-
ments that they have applications in not only tissue engineering but also in scaffold
wound healing. Nanofibers based on man-made polymers have their advantages
too. Viscoelasticity and a high rate of degradation are just two of the many prop-
erties they exhibit. Polyglycolide (PGA), PLA, PCL, polyurethane (PU) are a few
examples of synthetic polymers used in electrospinning. Nanofibers based on PLGA
and poly(lactic acid) (PLLA) are biodegradable and are suitable for use in drug
delivery applications. Those based on poly(lactide-co-caprolactone) (PLCL) are not
only biodegradable but also highly elasticmaking themuseful in the study of vascular
tissue engineering.

In other types of electrospinning such asmelt electrospinning, themolten polymers
are utilized in place of polymeric solutions. Some of the polymers used in this
process are polyethylene, polystyrene, poly(ethylene terephthalate), and poly(methyl
methacrylate). Solution blowing, also known as air-jet spinning, is another way of
producing polymer nanofibers from polymer solution with the help of high-velocity
gas flow. There is another called force-spinning or centrifugal spinning in which the
formation of the nanofibers is due to the centrifugal force [22].

In the STEP or drawing process, a micropipette is made to come in contact with
the polymer solution droplet. It is then withdrawn at a constant controlled rate using
a micromanipulator, thus forming nanofibers. Desired three-dimensional structures
can be obtained using this technique by controlling the diameter of the nanofiber,
the spacing, and the orientation of the fibrils. In template synthesis, nanoporous
membranes or templates are used to produce hollow or solid polymer nanofibers. As
the name itself suggests, in self-assembly, the nanofibers are spontaneously formed
as a result of the self-organization of individual units. Intermolecular forces play a
great role in this process. Although the nanofibers produced by self-assembly can be
quite thin, the method is very time-consuming. Another time-consuming method is
synthesis by phase separation consisting of five steps—formation of the homoge-
nized mixture by dissolving the polymer in a solvent, gelatinization, extraction by a
dissimilar solvent, freezing, and then freeze dying eventually leading to the synthesis
of nanofibrous porous foam [22].
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2.2.2 Polymer Nanotubes and Polymer Nanowires

Polymer nanotubes and polymer nanowires are one-dimensional polymer nanoma-
terials that have attracted many researchers and scientists owing to their remarkable
properties, functions, and applications. These nanotubes are used in chemical sensors,
optical sensors, biosensors, polymer light-emitting diodes, drugdelivery systems, etc.
On the other hand, polymer nanowires are used in sensing biomolecules, diagnostic
applications, and applications regarding energy devices (Fig. 4).

Conducting polymers are thosewhich exhibit electrical, thermal, and optical qual-
ities close to that ofmetals and semiconductors, but at the same time sustain their flexi-
bility andother commonproperties shownbypolymers. Polypyrrole, polyaniline, and
polythiophene are a fewexamples of polymers of this type.The template synthesis has
been extensively applied in the production of one-dimensional conducting polymer
structures like nanotubes and nanowires. For instance, both polymer nanowires and
nanotubes are fabricated in a template created by the nanochannels found in meso-
porous zeolite [24], or by the pores of a nano-porous template [25]. The hard physical

Fig. 4 Polystyrene (35 kg/mol)/poly(methyl methacrylate) (97 kg/mol) blend nanotubes: a and b
side view of scanning electron micrographs c top-view scanning electron microscope image, and
d transmission electron micrograph. (With permission from Ref. [23] Copyright (2015) American
Chemical Society.)
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template method and soft chemical template method are the two types of template
methods.

In the hard physical template method, the lengths and diameters of these one-
dimensional nanostructures can be controlled using thismethod.Generally, it consists
of three steps. First, the nanopores of the membrane are filled with monomers.
Then, these monomers are polymerized inside the nanopores and lastly, arrays of
aligned polymer nanotubes and nanowires are obtained when the nanopore template
is removed. Using this process, CdS-polypyrrole hetero-junction nanowires [23,
26], multisegmented Au-poly(3,4-ethylene dioxythiophene)-Au and Au-poly(3,4-
ethylene dioxythiophene)-polypyrrole-Au nanowires [27, 28] are synthesized. The
soft chemical template method or self-assembly method is another powerful tech-
nique to synthesize polymer nanomaterials. Surfactants, colloidal particles, aniline
oligomers, surface micelles, and even DNA serve as templates. There is also a
template-free method that is free of an external template and a wide range of polyani-
line nanostructured materials like nanotubes [29, 30], nanofibers [31], nanowires
[32], and nanotubes junctions [29] have been fabricated.

Conducting polymer nanowires can be created using soft lithography or embossing
[33]. Here, a polymer film that is already flat is shaped with the help of a mold
of micro-size along with the use of temperature or solvent vapors. For instance,
by micro-molding in capillaries, poly(3,4-ethylenedioxythuopene) which is doped
with poly(4-styrene sulfonate) has been patterned into nanowires on a glass. These
nanowires are also produced by directed electrochemical nanowires assembly [34]
and dip-pen nanolithography [35]. In dip-pen nanolithography, an atomic force
microscope (AFM) has a tip that transfers alkane thiol to a gold surface. With this
technique, one may write directly on the desired position with the AFM tip as a
sort of pen. Moreover, nanowires having poly(3-hexylthiophene) with part magnetic
orientation have been fabricated by utilizing a high magnetic field. In the whisker
method, theπ-conjugated polymer in a poor solvent is considered [36]. When heated
and stirred till the complete dissolution of the polymer, the solution is made to
cool without any disturbance. The polymer chains spontaneously self-assemble into
polymer nanowires (Fig. 5).

2.3 Polymer Nanocomposites

Nanocomposites take into account nanostructured materials into a matrix of typical
substance thereby enhancing the properties of that composite. However, polymer
nanocomposites incorporate a polymer or a copolymer along with nanoparticles
or nanofillers dispersed in a matrix of the polymer. These nanofillers, often called
nano reinforcements, are in the range of a few nanometers and so the interfacial
area per volume between the nano-element and the polymer matrix is quite large.
Nanofiller reinforced composites show better toughness without sacrificing optical
clarity or stiffness. Moreover, they can enhance barrier properties like thermal resis-
tance, and can even grant electrical properties to a non-conductive polymer. Some of
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Fig. 5 Scanning electron micrograph of a poly(3,4-ethylene dioxythiophene) nanowires incor-
porated onto gold thin film b dispersed on a SiO2/Si wafer (With permission from Ref.
[37])

the common nanofillers are nanoclays, carbon nanoparticles like carbon nanotubes,
carbon nanofibers and graphene, nano-oxides, nanocarbides, and organic nanofillers
like nanocellulose and nanolignin, and some other nanoparticles like metal nanopar-
ticles. The matrices used can be thermoplastic where nano clays, carbon nanotubes,
carbon nanofibers, graphene oxides, isodimensional nanoparticles, and polysac-
charide nanocrystals may be incorporated. There are also thermoset matrices and
elastomeric matrices.

2.3.1 Nanofillers

Themost studied nanofillers for polymer nanocomposites are the nanocatalyst which
is phyllosilicates (layered silicates) resulting from minerals of natural clay. Of the
four groups of phyllosilicates—montmorillonite, kaolinite, illite, and chloride, mont-
morillonite groups with 2:1 sheet structure are more commonly investigated. An
octahedral sheet (of alumina) is kept in between 2 silica tetrahedral sheets. The tetra-
hedral sheet of silica comprises 2 planes of oxygen atoms closely packed or hydroxyls
between which octahedrally coordinated aluminium atoms are embedded. A tactoid
is the single layer formed by these three sheets. Typically there are two morpholo-
gies of clay/polymer nanocomposites called intercalated and exfoliated based on
the degree of polymer penetration into the interlayer. When intercalated, there is a
limited expansion of the silicate layers of less than 20–30 Å due to the penetration of
the polymer chains. On the other hand, if there is delamination of the silicate tactoids
separated by 80–100 Å, it is said to be exfoliated. The best combination of property
improvements is seen in exfoliated nanocomposites because of the high surface area
of the tactoid [38] (Fig. 6).

Composites based on carbon nanoparticles such as carbon nanotubes show that
they are a type of new carbon-based substances that have a huge potential for optical
and electronic nanodevices. Carbon nanotubes are one of the allotropes of graphene
with lengths ranging from a few hundred nanometers to a few micrometers and can
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Fig. 6 a Schematics of montmorillonite clay-carbon nanotubes hybrid filler b–d SEM images
of clay-carbon nanotubes structures at various magnifications. (With permission from Ref. [39]
Copyright (2012) American Chemical Society.)

be imagined as a graphene sheet that is rolled up into a cylindrical form. It can have
single or multiple walls. The properties of carbon nanotube-based nanocomposites
show dependence on the dispersions of these nanotubes in the polymeric matrix as
well as on the interfacial interactions between them. Another instance of carbon
nanoparticle is carbon black which, when dispersed in a polymer matrix, exhibits
enhanced mechanical and electrical properties.

Another important nanofiller is the organic nanofiller based on biopolymers.
Cellulose nanocrystals are one of them and can be isolated from cellulosic fibres
using acid hydrolysis. These nanomaterials, obtained by this method, have rod-
like structures and show increased Young’s modulus of elasticity, enhanced tensile
strength, and low coefficient of thermal expansion. Owing to these qualities, cellulose
nanocrystals find applications in many areas. Nanolignin and chitosan nanoparticles
are also organic nanofillers that are worth mentioning.
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2.3.2 Nanostructuration

In general, polymer nanocomposites are obtained in two ways. The first one is quite
predominant in the nanotechnology of polymer science and is called the top-down
approach. It is the diminution of the size of a bulk micro- or macro-material to a
nanomaterial to be dispersed into the polymer matrix. The dispersion of nanopar-
ticles like carbon nanotubes, graphenes, nanocellulose in thermosetting polymers
are instances of top-down methods. There are reports of improvements in tough-
ness on nano clay dispersion. When carbon nanotubes are used as nanofillers, not
only is the toughness improved but an increase in tensile strength and wear resis-
tance is also seen. The same nanofillers mentioned above can also be dispersed in
thermoplastic matrices using top-down processes resulting in improved mechanical,
gas-barrier, thermal, swelling, and flame-resistance qualities. The second approach
is called bottom-up, and in making the polymer nanocomposites, the nanomate-
rials are directly produced in the polymer matrix via chemical processes. There are
researches on the bottom-up process regarding block copolymer nanofabrication by
phase separation. For instance, attention has been given to segmented copolymers
such as thermoplastic polyurethane and thermoplastic elastomers. So, by changing
the structures as well as the molecular weights of these polymer parts, the desired
material can be achieved. Block polydispersity is an important aspect to be consid-
ered in this approach as it induces a shift in the order–disorder transition of the
copolymer systems. These block copolymers can also serve as polymeric matrices.
Peponi and coworkers [40] investigated the changes in the morphology of micelles of
nanocomposite gels which was based on poly(styrene-b-butadiene-b-styrene) block
copolymer and gold nanoparticles when 1 wt% gold nanoparticles were added into
the gel of poly(styrene-b-butadiene-b-styrene). In the study of the assembly of silica
nanospheres carried out by Zhou et al., the matrix used was of block copolymer [41].

3 Recent Advances

3.1 Drug Delivery

Drug delivery is the method or approach or technology that enables a therapeutic
substance to reach its selective location to achieve its effect, without reaching or
affecting other cells, tissues, and organs that are not targeted. There are, however,
challenges like biological barriers [42]. Non-specific distribution and inadequate
accumulation of the drug at the diseased site also contribute to these challenges. So
the size, shape, surface charge, deformability, and degradability are a few parame-
ters that have to be kept in mind while synthesizing them for different drug delivery
systems. For instance, nanoparticleswith an average size of 100nmusually last longer
in circulation. It has been shown that different types of sub-100 nm polymer micelles
of various sizes ranging from 30 to 100 nm penetrate well within poorly permeable
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tumors [43]. Nanotoxicity cannot be ignored either. Prabha and coworkers summa-
rized the recent progress seen in the investigation of toxicity observed in polymer-
based nanomaterials [44]. In the progress of drug delivery, an extensive range of
polymer nanoparticles have been engaged, but some stand out better than others.
Polymeric nanocapsules are extensively used in this field because of their ability to
encapsulate therapeutic chemical compounds, enzymes, proteins, hormones,metabo-
lites, genes, and so on. Docetaxel-loaded chitosan nanocapsules functionalized with
monoclonal antibody Chi-Tn were recently studied as a potential targeting strategy
for lung tumors [45]. Another instance of targeted drug delivery that has poten-
tial for cancer therapy is the carboxymethylcellulose-based nanocapsule prepared by
sonochemical method [46]. Not only is the nanocapsule endowed with good biocom-
patibility, but the shells of that nanocapsule are also decorated with folic acid making
the controlled release possible. In addition, the nanocapsule has favorable sizes and
morphology for flowing in the blood.Zhao et al. investigated nanocapsules containing
anticancer pharmaceutical drugs which could be used to target the lungs, and at the
same time, these nanoparticles contained ingredients usable for synergy therapy
[47]. Derivatives of poly(ethylene glycol) dimethacrylates were used in fabricating
the nanocapsules. Nicolas and coworkers studied polymer-based nanocapsules for
drug deliverymethods that target cancer cells in the breast [48]. Neto et al. worked on
the development of a new nanocapsule loaded with α-amyrin for intestinal delivery
and thereby investigating the cytotoxic ability against leukemic cells [49]. Integrating
three-dimensional printing technologywith the use of polymeric nanocapsules, Beck
and coworkers came up with a new approach to produce customized drug delivery
methods [50]. In the field of drug delivery, many polymeric nanocapsules were also
engaged in the study of antimicrobial effects [51], anti-melanoma activity [52], skin
carcinoma [53], hair follicle targeting [54], and the like (Fig. 7).

The other type of nanoparticle—the nanosphere, is also heavy employed in the
drug delivery systems. Recently, phosphazene–tannic acid nanospheres, which were
not onlybiodegradable but also antioxidant,were usedwith an average size of 274nm.
These polymer nanospheres which were utilized for the release of Rhodamine 6G
showed promising properties as carriers of drug [56]. Das and coworkers reported a
novel drug delivery system that was pH-responsive [57]. A new aspect of cisplatin
delivery was studied with the help of gluthione-responsive hydrogel and molec-
ularly imprinted polymer nanospheres which were synthesized via precipitation
polymerization process [58].

Recently, the role of polymeric nanoparticles in the delivery of drugs to the nervous
system was carried out by Jörg Kreuter [59]. Such nanoparticles should be highly
biocompatible and biodegradable in a matter of days. It was found that nanoparticles
like doxorubicin might reduce the toxicity of drugs as well as the adverse effects
owing to the alteration of body distribution. A good prospect to treat diseases related
to the central nervous system like brain tumors was seen with the use of polymeric
nanoparticles in the delivery system. Again the role of polymeric nanoparticles in
antimicrobial therapieswhichmight prevail over theproblematic issues of usual drugs
was well-reviewed by Spirescu and coworkers [60]. Polymeric micelles were studied
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Fig. 7 Transmission electron micrographs of a mesoporous silica nanoparticles b mesoporous
silica nanoparticle-collagenase cmesoporous silica nanoparticle-collagenase-nanocapsules. A scale
of 50 nm is denoted by thewhite bar at the left bottom. The presence of collagenase and collagenase-
nanocapsules are pointed out by the blue arrows. (With permission from Ref. [55] Copyright (2015)
American Chemical Society.)

in the treatment of ocular inflammation [61], ocular infections [62], choroidal neovas-
cularization [63], while dendrimeric nanocarriers were used for those like ocular
hypertension [64]. Cyclodextrins [65] and polymeric vesicles [66] were reported
for the treatment of fungal keratitis. Polymer-based nanofibers were also used in
drug delivery. A promising method for the development of a fast-dissolving delivery
method of drug particles exhibiting antiviral propertieswas studied byCelebiogle and
Uyar [67]. It involved acyclovir/cyclodextrin nanofibers fabricated through electro-
spinning. There was another study regarding fast-dissolving electrospun nanofibers
produced from jelly fig polysaccharide/pullulan [68]. These nanofibers with antibac-
terial properties could be potential carriers to encapsulate hydrophobic drugs in phar-
maceutical delivery applications. Mitrakos et al. developed a nanocomposite-based
piezoresistive pressure sensor that could be used in haptic sensing or robotic touch
sensing [69].

3.2 Sensors

In simple terms, sensors are devices that detect changes in their surroundings. Various
applications come under sensors for detecting a range of different gases, tempera-
tures, light intensity, forces, etc. So, they are important to us in many ways. With
the use of nanostructured polymers, researchers and scientists have been looking for
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cheaper, faster, andmore reliable ones. Taking the example of the pressure sensor, it is
a vital element in studying applications of human motion detection, prosthetics, and
robotic actions. Lee and coworkers utilized a strain sensor based on soft nanocom-
posites which were capable of sensing multiple points and directions [70]. Recently,
a good review on conductive polymer/carbon nanotubes nanocomposites based on
strain and pressure sensors was carried out [71] (Fig. 8).

Yin et al. used strain sensors based on nanocomposites for structural health moni-
toring of a flexible aircraft [72]. Rahman et al. fabricated nanofibers based on cellu-
lose acetate-glycerol-conducting polymer-tungsten oxide nanoparticles which found
applications in sensing H2S gas [73]. Another sensor of NH3 gas at room temper-
ature by poly(3,4-ethylene dioxythiophene): poly(4-styrene sulfonate) intercalated
ammonium vanadate nanofiber composites were produced via sonochemical method
[74]. The high sensitivity of this composite was due to increased surface area, and
p-p hetero-junctions created between poly(3,4-ethylene dioxythiophene) and poly(4-
styrene sulfonate). Increased sensitivity, good flexibility, and long-term stabilitywere
someof themerits of this sensor. It alsoworked at room temperature.Recently, a novel

Fig. 8 A diagram of electrical impedance tomography. A schematic of a the hardware config-
urations, b adjacent method injecting electrical current c the isotropic status and strain-induced
anisotropic status d The multiwall carbon nanotubes-silicone elastomer nanocomposites based
sensor is tested using two fingers e Graphs of normal resistivity versus shear resistivity. (With
permission from Ref. [70])
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electroactive 3D gold-decorated polymer nanofiber was reported to have high sensi-
tivity for detectingmercury [75]. Therewas a study on a novel sensor that could detect
humidity and the sensor used sulfonated poly(ether ether ketone)/polyvinyl butyral
nanocomposite nanofibers [76]. Due to exceptional humidity sensing qualities, they
could be used for non-contact sensing and detection of breath. Another sensor of
humidity based on poly(vinyl alcohol)/MXene nanofiber was reported that could be
self-powered by a flexible molybdenum diselenide piezoelectric nanogenerator [77].

Some biosensors provide us with data by sensing biologically active elements
and compounds. They can be used to detect toxic materials present in foods. Öndes,
and coworkers synthesized highly stable urea biosensors with the use of poly(2-
hydroxyethyl methacrylate-glycidyl methacrylate) nanoparticles [78]. They demon-
strated that urea could be detected in artificial human serum. Lui et al. prepared
fluorescent conjugated polymer nanoparticles to be used for the construction of a
biosensor capable of detecting hydroquinone [79]. Acceptable results were attained
when this biosensor was applied for the detection of hydroquinone in lake water.

3.3 Tissue Engineering

The need for organ transplantation due to injury and failures of organs is ever
increasing. This is where tissue engineering comes in as an alternative method to
restore the injured tissues. Tissue engineering is the technology that integrates cell
biology, chemistry, and biomaterials in the creation of biology-based substitutes
to fabricate, repair, maintain, and increase tissue functions. Synthetic, natural, and
composite polymeric substances have been widely associated with the fabrication
of nanofibers because these polymeric nanofibers possess a wide range of properties
like water solubility, biodegradability, biocompatibility, conductivity, and antibac-
terial property. Electrospun polymeric nanofibers are used in the tissue engineering
of blood vessels, neural tissues, bones, cartilages, and ligaments. Zarei et al. created
and characterized polypyrrole/chitosan/collagen nanofiber scaffolds which could
be employed in body parts that involve impulses [80]. These conductive scaffold
nanofibers were electrospun and could be included in the family of semiconductor
materials.

The formation of bones consists of a sophisticated chain of events called osteo-
genesis and the fabrication of bone tissues requires fulfillment of many factors such
as high porosity in the biomimetic scaffolds to facilitate cell ingrowth. Maharjan and
coworkers prepared chitosan hydrogels scaffolds reinforced by regenerated cellulose
nanofibers [81]. There were enhancements in the mechanical properties, swelling
capacity as well as water absorption making these engineered scaffolds suitable
for bone tissue engineering. Oudadesse and coworkers developed a new class of
biodegradable polymer/bioactive glass composites for bone regeneration methods
[82] (Fig. 9).

To mimic the morphology of vascular blood vessels, there is a need for a multi-
layered vascular scaffold.Wu and coworkers developed a novel tri-layer tubular graft
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Fig. 9 Scanning electron micrographs of a the tri-layer tubular graft showing its cross-section b
the aligned poly(L-lactide-co-caprolactone)/collagen (PLCL/COL) fibers in the inner layer c the
poly(lactide-co-glycolide)/silk fibroin (PLGA/SF) yarns in the middle layer, and d the random
PLCL/COL fibers in the outer layer. (With permission from Ref. [83])

comprising of PLCL/COL fibers and PLGA/SF yarns through a 3-step method of
electrospinning [83]. When a single layer was considered, it possessed favorable
tensile strength and elongation, and when the multi-layered scaffold was taken into
account, it supported cell infiltration, high biocompatibility, and tissue regenera-
tive ability. These structures are shown in Fig. 3.3. There were recent studies on
vascular tissue engineering in which 3D silk fibroin microsphere-nanofiber scaf-
folds [84], and wet electrospun polycaprolactone/gelatin/carbon nanotubes yarns
were used to form scaffolds [85]. There were also other nanostructured polymers
playing important role in restoring, maintaining, and improving damaged tissues
and organs. For instance, Maroufi and Ghorbani fabricated nanocomposite hydro-
gels of chitosan/oxidized-modified quince seed gum/curcumin-loaded in halloysite
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Fig. 10 Hematoxylin and eosin stain images of the grafts that were transplanted after subcutaneous
embedding in mice for 14 days a, 42 days b, and 70 days c. (With permission from Ref. [83])

nanotubes [86]. These structures showed that the thermal stability was improved and
that the rate of degradation was also enhanced (Fig. 10).

3.4 Energy Applications

There is an increasing concern about the depletion of fossil fuels. Energy demands
and economic growth are of utmost importance. So, the role of polymer-based nanos-
tructured materials in the novel creation of next-generation energy-based appliances
is quite promising. The function of fuel cells is to change chemical energy into
electrical one. Reza Kazemi and coworkers investigated some methods for fabri-
cating organic–inorganic nanocomposite polymer electrolyte membranes for fuel
cells through a range of processes like blending nanoparticles in a polymer matrix,
and self-assembly [87]. Polymer nanocomposite membranes based on silicate were
already used for these fuel cells [88]. In the present day, researchers have shown
great interest in green technology. Yaqoob et al. worked on graphene/polyaniline
nanocomposites anode based on cellulose to use benthic microbial fuel cells for
generating energy and for applications to bioremediate harmful metals present in
synthetic wastewater [89].
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Another need of the hour is energy storage in portable electronic devices like cell
phones and laptops, and electrical vehicles. Because nanotechnology can provide
new reactions that are impossible in bulk systems and a means of shortened path-
ways for the transport of both charge and mass, a lot of investigations have been
carried out in the past few years. Nanostructured conductive polymers were inves-
tigated for advanced energy storage and they could act as active electrode materials
in supercapacitors and lithium batteries, and superior binder materials in the next-
generation high-energy lithium-ion batteries [90]. In addition to all these applica-
tions, the nanostructured conducting polymers could also be used in photovoltaic
and solar cells [91]. Hu et al. reported recent progress, challenges, and opportunities
of polymer nanocomposite dielectrics for energy storage [92]. Graphene reinforced
biopolymer nanocomposites were also used in energy storage applications [93].

Surmenev et al. studied some of the latest signs of progress regarding the use
of anodic aluminium oxide templates to synthesize poly(vinylidene fluoride) or
poly(vinylidene fluoride-co-trifluoroethylene)-based piezoelectric generators [94].
It was further reported that the piezopolymers could be used for energy harvesting,
piezoelectric generators, biosensing, strain or force sensing, and smart drug delivery
systems. A wavelength shifting technique called photon upconversion was enabled
using nanostructured polymers that exhibited good optical quality and excellent
photon upconversion efficiency of about 27% [95]. This could be applied to actuators,
sensing, and solar technologies.

3.5 Filtration, Coating, and Others

The availability of clean drinking water is limited to many parts of the world, and
pollution contributes a good deal to it. There are many ways to remove the pollu-
tants present in contaminated water like electrolysis [96], electrodialysis [97], and
chemical precipitation [98]. However, due to the expensive nature of the processes,
it is often impossible for poor or developing countries. In methods such as chem-
ical precipitation, there is an issue with secondary contaminants. One of the cost-
effective techniques that could treat water contaminated with biological, organic,
and inorganic pollutants is the adsorption method. Amari et al. studied the use of
clay-polymer nanocomposites to remove organic and inorganic contaminants from
wastewater [99]. Graphene reinforced biopolymer nanocomposites were also used
for applications in water filtration [100].

Till today, air pollution remains a global problem that we face in our homes,
workplaces, and industries. Diseases that spread through the air and volatile organic
gases are unwanted in the air we breathe. Air filtration can prevent us from various
health issues and provide us with good quality of life. Owing to excellent qualities
like the high surface area to volume ratio, good mechanical strength, controllable
diameter, and morphology, electrospun biopolymer-based nanofibers were used for
air filtration [101]. Zhang and coworkers investigated anti-deformed polyacryloni-
trile/polysulfone composite membranes to be used for air filtration and found that the
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product demonstrated an excellent filtration efficiencyof 99.992%[102]. Purwar et al.
reported a promising antimicrobial air filtration mask fabricated through the electro-
spinning process [103]. It was made with the use of sericin/polyvinyl alcohol/clay
nanofibrous mats.

Pourhashem et al. reviewed nanocomposite coatings, which were based on the
use of inorganic nanofillers in the polymer matrix, that showed far better corro-
sion protection performance [104]. Polyvinyl chloride nanofiber nanocomposites
were developed as a novel, cost-effective coating for corrosion resistance against
aluminium [105]. Balakrishnan et al. studied multi-walled carbon nanotubes rein-
forced in a polymeric system as a coating capable of excellent sound absorption and
insulation that can be used in aircraft panels [106]. The need of the hour is to move
toward eco-friendly green technology. Useful applications such as drug delivery,
tissue engineering, cancer therapy, biosensors, and even removal of impurities from
polluted sources can be achieved with the use of biopolymer-based nanostructured
materials [107] (Fig. 11).

4 Conclusion

In summary, we have discussed the most commonly used polymer-based nanos-
tructured materials like polymer nanospheres, nanofibers, and nanocomposites, as
well as their general synthesis processes. Along the way, the structures of these
materials in which polymers and nanotechnology are incorporated together are seen
to manifest in various ways thereby offering applications in sensors, biosensors,
therapy, drug delivery, tissue engineering, energy storage, diodes, impurity removal
from wastewater, corrosive coatings and a lot more. Their recent progress is also
highlighted.

Today, perhaps, reaping the fruits of polymer-based nanostructured materials is
the path to follow. Among the chaos and the havoc caused by the long pandemic,
polymer-based nanotechnology and nanomedicine have earned their places to be
in the spotlight. A vivid instance is the recently approved nanotechnology-enabled
mRNA-based vaccine platform against COVID-19 [108]. Future research must be
focused on the exploitation of nanotechnology-enabled methods and techniques that
are sustainable, reliable, usable, and liable. What has been provided here is but the
tip of an iceberg, hopefully enough to capture the essence of the importance of these
materials.
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Fig. 11 Scanning electron micrographs of aluminium a before and b after immersion in 01MHCl,
PVC nanofibers coated on aluminium surface c before and d after immersion in 0.1 M HCl, PVC
nanofibers embedded in situ ceria nanoparticles with concentration 3 wt% coated on aluminium
surface e before and f after immersion in 0.1 M HCl. (With permission from Ref. [105])
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Chapter 13
Polymer Nanocomposite Membranes
for Water Remediation

Divyansh Upreti and T. Umasankar Patro

1 Introduction

Water pollution poses a serious threat to human health and ecology. The problem is
more persistent especially in developing countries due to the increasing population
and economic activities. As per UNICEF (United Nations Children’s Fund), globally
about 1800 deaths of children every day under the age of 5 and about 0.5 million
diarrheal deaths per year (as per the World Health Organization) have been reported
due to consumption of water from polluted sources [1]. Water can be contaminated
by various industrial effluents and anthropogenic activities. The sources of contami-
nation are often heavy metal ions, organic dyes, pharmaceutical waste, etc. Another
source of water pollution emanates from the excessive use of ‘biocides’ or ‘pesti-
cides’ in agriculture and allied food industries. Further, disposal frommeat processing
industries and slaughterhouses may also cause water contamination with ‘zoonotic’
disease-causing pathogens besides other pollutants [2]. Besides their environmental
implications, heavy metal ion pollutants also cause high human mortality due to
their neurotoxic and carcinogenic effects [3], which lead to diseases like Minamata,
Itai-Itai, etc., [2, 3]. Similarly, organic dye pollutants from textile industries can
cause serious health hazards in humans and animals [4, 5]. Therefore, a consider-
able research effort has been devoted to water remediation in academia as well as in
various industries.

Contaminated water can be purified by various means like simple filtration,
membrane filtration, adsorption, reverse osmosis, coagulation–flocculation, chem-
ical precipitation, nanofiltration, etc. Notwithstanding the wide range of tech-
niques, each technique has its advantages and limitations. Some may offer high
throughput but less efficiency, while others may be efficient but expensive. Hence
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sometimes more than one technique is combined for better efficacy of wastew-
ater treatment. Among these, water remediation using porous polymeric membrane
offers several advantages over other methods such as flexibility in designing pore
morphology, simple filtration set-up, high efficiency, etc. However, monolithic poly-
meric membranes often do not offer high efficiency due to the lack of adequate
functionalities, required for the complete removal of pollutants. These limitations
have, to a large extent, been addressed by the advent of nanotechnology. In this
context, nanomaterials offer a great promise in water remediation and wastew-
ater treatment due to their high surface area to volume ratio, high adsorption
capability, and functionality to capture various water pollutants. To utilize their
effective surface area, nanoparticles (NPs) are either coated onto the polymeric
membranes [6] or dispersed uniformly in the polymer matrix to prepare ‘nanocom-
posites membranes’ and these composite membranes are found to exhibit superior
adsorption of heavy metal ions and dyes from wastewater than their monolithic
polymer membrane counterparts [7, 8]. Several nanoparticle-embedded polymer
membranes have been developed. The notable polymers used for membrane tech-
nology are poly(vinylidene fluoride) (PVDF) [9], poly(ether sulfone) (PES) [10],
poly(acrylonitrile) (PAN) [11], poly(ethyleneimine) (PEI) [12], poly(vinyl alcohol)
(PVA) [13], poly(ε-caprolactone) (PCL) [14], etc. These polymers offer excellent
mechanical properties, polarity (PVDF in β-phase), and membrane forming ability
with a tunable pore size. On the other hand, incorporation of NP not only provides
an effective pathway for introducing functionality but also enhances mechanical and
physical properties of the membrane [15–18]. However, the addition of nanofillers
is not free from problems, particularly when carbon nanotubes (CNT) and inorganic
NPs are used as fillers owing to their agglomeration tendency in the polymer matrix
due to their strong interparticle van der Waals forces [19]. Hence, these nanofillers
are often treated with organic surfactants [20], ionic liquids [21], or with strong acids
[22] to circumvent the van der Waals forces and vis-a-vis to have improved adhesion
with polymer matrix [23]. Different NPs or nanofillers that are generally added into
polymers for achieving membrane functionality are: (i) CNT, (ii) graphene oxide
(GO), (iii) carbon nanofibers (CNF) [24], (iv) metal oxide frameworks (MOF) [25],
(v) metal oxide NP [26], and (vi) nanoclays [27].

In this context, the present chapter gives a concise account of the literature studies
reported on water remediation using nanoparticle-incorporated polymer membranes
with the focus on heavy metal ion adsorption, organic dye and pharmaceutical drug
removal, and oil–water separation from contaminated water. The physicochemical
(water contact angle, porosity, water flux, flux recovery rate, and fouling properties,
etc.) and mechanical properties of the various membranes as a result of nanoparticle
incorporation are succinctly summarized. To make this article more concise, only
three different types of nanomaterials, viz., (i) carbon-based NP (CNT and GO),
(ii) nanoclays (montmorillonite, laponite, and halloysite), and (iii) inorganic NP are
considered. The chapter also briefly describes the structure and general properties of
the polymeric membrane, and the different methods adopted for polymer membrane
preparation with and without nanofillers, to give the reader a basic idea on the topic.
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Structure and properties of a polymeric membrane

A polymeric membrane is essentially a porous structure with interconnected pores.
The size of the pores varies from a few nanometers to several micrometers depending
on the membrane type (microfiltration, ultrafiltration, or nanofiltration). There is the
formation of ‘finger-like pores as well [28]. The membrane should possess high
separation efficiency in combinationwith goodwater permeation characteristics. The
membrane should also have good fouling-resistant properties. For this, themembrane
should have hydrophilic in nature. However, most of the commercial membranes
made from pristine polymer monoliths are hydrophobic. Hence, various strategies
have been adopted to induce hydrophilicity in polymeric membranes [29–31].

Figure 1 illustrates the typical structure and properties of a polymeric membrane,
which is mainly characterized by its morphology, chemical, mechanical, adsorption
properties, andwater flux capability. The pore size and porosity of amembrane can be
controlled by adjusting various parameters during membrane preparation. However,
physical and mechanical properties depend on the polymer used for membrane fabri-
cation. The mechanical property of the membrane also depends on the porosity and
molecular weight of the polymer [32]. However, functionality and to some extent
pore size determines the selectivity and separation performance of the membrane.
For hot water treatment, the thermal stability of the polymer membrane is of prime
importance. In various industrial applications, the contaminated water is usually
treated at elevated temperatures to maintain a sustainable and energy-efficient water
recycling process. Commercially available thin-film composite membranes suffer
from limited thermal stability at temperatures >45 °C, resulting in a shorter working
time [33]. In this context, NP has the potential to enhance the thermal stability of the
membrane [34]. Another impending issue in the membrane is the trade-off between

Fig. 1 Schematic representation of the flowchart indicating membrane properties
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permeability and selectivity, which can be overcome by incorporating hydrophilic
NP or by making them hydrophilic.

Removal of heavy metal ions from an aqueous solution not only depends on the
pore size ofmembranes (sieving effect) but also on the functionality of themembrane.
Heavy metal ions being positively charged can be bonded with the negative groups,
like hydroxyl, carboxyl [35] amino groups [15, 28] present in functionalized NP,
thus promoting chemisorption. The removal of heavy metal ions is attributed to
the electrostatic interaction (attractive or repulsive) between charged membrane and
heavy metal ions [15, 28, 35]. However, the organic dyes could be either cationic
or anionic. Separation of dyes from aqueous solutions through the membrane can
happen either through physisorption, electrostatic interaction (either attraction or
repulsion), or to some extent sieving effect, depending on the relative size of the dye
molecule and membrane pore size [36–38].

Here,we discuss some of the important properties of porous polymericmembrane.

Pore size and porosity

Pore size determination is one of the important aspects ofmembrane characterization,
which is done bymicroscopy techniques and porometrymeasurements [39]. Porosity,
P, ameasure of the total void space in themembrane can be estimated by the following
equation (Eq. (1)) [40]:

%P = Ww − Wd

ρw × A × D
× 100 (1)

where Ww = weight of wet membrane, Wd = weight of dry membrane, D =
membrane thickness, A = area of the wet membrane, and ρw = density of water.

Water flux

Pure water flux is another important parameter that relates the structure of the
membrane to its performance efficiency. It is generally defined as the volume of
water passing through themembrane per unit area per unit time and per unit pressure.
Water flux can be determined by the following equation (Eq. (2)) [41]:

Jw = Q

A�t
(2)

where Jw is pure water flux, given in Lm−2 h−1, A is the effective area of membrane
through which the filtrate passes, Q is the volume of permeate collected, and �t is
the sampling time interval.

Fouling properties

Membrane fouling is one of the common problems faced in membrane-based sepa-
ration operations. Upon continuous water flux through the membrane, there is a
formation of an adsorbent cake layer on the surface of the membrane, resulting in a
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decline in water flux. The efficiency of a membrane in treating wastewater relies on
its ability to have constant water flux while scaling up the separation process. The
efficacy of a membrane can be expressed by flux recovery ratio (FRR) to quantify
the fouling characteristic of a membrane and the percentage FRR can be expressed
by the following equation [41]:

FRR(%) = J2
J1

× 100 (3)

where J2 is the pure water flux (PWF) of the cleaned membrane after the operation,
J1 is pure water flux. The higher value of FRR indicates better antifouling properties.

2 Methods for Preparation of Porous Polymeric Membrane

The porous polymeric membrane can be fabricated by the following methods: (i)
phase inversion technique, (ii) electrospinning, and (iii) solvent casting followed by
particle leaching.

2.1 Phase Inversion Technique

The phase inversion technique can further be divided into: (i) non-solvent induced
and (ii) thermal-induced phase inversion. These techniques are briefly discussed
below.

Non-solvent induced phase inversion or immersion precipitation technique

Phase inversion through immersion precipitation is a commonly used membrane
preparation approach. In this method, the polymer solution is cast on a suitable
support and then immersed in a non-solvent-containing coagulation bath (usually
water). When a homogenous polymer solution is introduced to non-solvent, due to
solvent/non-solvent exchange, the polymer begins to coagulate and separates from
the solution, resulting in the formation of the porous structure. This technique is first
developed by Loeb and Sourirajan for making cellulose acetate porous membrane
for desalination of seawater [42]. In this method, they have cast a cellulose acetate
film on a solid support using the polymer solution with acetone as a solvent in the
temperature range of 0–10 °C. The solvent was then allowed to evaporate for 3–
4 min at the same temperature and the film was then immersed in the water bath
at 0 °C to make a porous membrane. The resulting membrane showed enhanced
demineralization of seawater in comparison to the existing techniques [42]. For
recognizing their contribution, the method is also known as the Loeb–Sourirajan
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method. This method was later termed the “phase inversion method”. This process
is most commonly used for making porous membranes [43–46].

The schematic of the process is shown in Fig. 2. The combination of phase sepa-
ration and mass transfer decides the structure of the membrane. Further, during the
process, the kinetic and thermodynamic parameters of the casting solution affect the
morphology and properties of the resulting membrane. The membrane prepared by
this technique creates a highly porous material (Fig. 3). When NPs are embedded

Fig. 2 Schematic diagram representing membrane fabrication via non-solvent induced phase
separation technique

Fig. 3 Typical cross-sectional SEM images of porous PVDF membrane prepared by non-solvent-
induced phase inversion or immersion precipitation technique [48]
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into the polymermembrane, it significantly alters the thermodynamics (e.g., solvent–
nonsolvent interaction) of the system, in turn, influencing the properties of the
nanocomposite membrane [47]. However, these details are not presented in the
present chapter.

The membrane structure, properties, and chemical interactions during membrane
preparation by the phase inversion method depend on the choice of polymer and
additives used in the casting solution [49]. The following factors control the pore
size and pore structure of the membrane:

• Polymer concentration: The pore size and porosity of the membrane in general
decrease as the polymer concentration in solvent or viscosity increases due to
decreased solvent–non-solvent interaction, and as a result, flux decreases with
decreasing porosity [50].

• Solvent and non-solvent selection: Selection of a suitable solvent and non-solvent
has a profound effect on the membrane’s morphology and properties. The high
polymer solubility results in a high porosity [51]. Different solvents for a given
polymer may result in different porous structures, due to variable densities of the
solvents and their altered interaction with the polymer [52].

• The type of additives: Often low molecular weight molecules (e.g., poly(ethylene
glycol), PEG) is added to the casting solution to speed up the precipitation process
during immersion and control the solution viscosity [53–55]. Sometimes pore-
forming agents, also known as, porogens, (e.g., poly(N-vinyl-2-pyrrolidone),
PVP) are added to produce higher porosity [27].

• Precipitation bath temperature: By increasing the bath temperature, themembrane
pore size increases [56].

Thermally induced phase inversion technique

Thermally induced phase separation (TIPS) or inversion method is a specialized
method for membrane preparation, which is used for the polymer–solvent pair that
does not dissolve at room temperature but dissolves at elevated temperature which is
close to the melting point of the polymer and the resulting polymer solution is cast on
support at high temperature. Then the temperature is reduced for demixing to occur.
The solvent is then evaporated by the freeze-drying method. This method cannot be
adopted for all the polymer–solvent pairs due to the problem of solvent evaporation at
high temperatures, hence used for specific cases. For instance, Matsuyama et al. have
prepared hydrophilic microporous membranes of ethylene/acrylic acid copolymer
ionomers and PE with diphenyl ether as a solvent (B.P. ~ 260 °C) [57] via this
technique. The technique produces membranes with highly porous microstructure
[58, 59]. The process for producing porous membranes using this technique is shown
schematically in Fig. 4.
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Fig. 4 Schematic illustration of membrane fabrication via thermally induced phase separation
technique

2.2 Electrospinning

Electrospinning is a versatile process for making nanofibers in the size range of a
few hundred nanometres to a few micrometers. In this method, a high voltage is
applied to a metallic needle (electrode) connected to a syringe containing viscous
polymer solution ormelt.When the electrostatic force overcomes surface tension and
viscosity of the polymer, a cone-shaped polymer droplet is formed at the vicinity of
the syringe; this is known as the ‘Taylor cone’. The cone-shaped liquid droplet is
subsequently elongated to form a nanofiber jet and the fibers are ejected towards the
oppositely charged electrode and simultaneously the solvent also gets evaporated
[60]. A typical electrospinning setup comprises a pump, a reservoir (typically a
syringe) containing polymer solution, a high voltage power source, and a collector
as illustrated in Fig. 5.

The nanofibers obtained from the electrospinning technique find wide applica-
tions in biomedical scaffold [61], filtration [62], sensors [63], and energy harvesting

Fig. 5 Schematic representation of electrospinning setup
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Fig. 6 SEM images of electrospun a PAN, b PAN/PEI-MWCNT nanofibers [15]

[64]. A membrane produced by electrospinning offers high porosity and surface
area to volume ratio. These characteristic features of nanofiber membranes make
them an attractive candidate for adsorbing heavy metal ions and organic dyes from
water [65]. Nanofiller incorporation into nanofiber membrane further enhances the
adsorption capability of the membrane by utilizing the effective surface area thereof
[66]. Further, due to the versatility of the electrospinning process, the fiber size and
morphology, andmembrane porosity of the nanofibermat can be engineered forwater
filtration. The polymer can be functionalized by grafting active species or by incor-
porating nanofillers before electrospinning. A typical scanning electron microscopy
image of the electrospun nanofiber membrane of PAN/MWCNT composite is shown
in Fig. 6. The images indicate that the incorporation of MWCNT-PEI into PAN
nanofiber increases the fiber diameter [54].

2.3 Solution Casting Followed by Particulate Leaching

Solvent casting followed by particulate leaching is yet another process for producing
porosity in polymeric membranes. In this method, the polymer is dissolved in an
organic solvent with porogen like sodium chloride, sodium acetate dispersed in the
solution [67, 68]. Themixture is poured into amold or on a glass plate. As the solvent
evaporates, the porogen particles are left behind in the polymer. The resulting film
is immersed in a water bath which leaches out the porogen, making the structure
porous. The process is schematically illustrated in Fig. 7 and a typical SEM image
showing the porous nature of the membrane is also presented in Fig. 7 [69].
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Fig. 7 A Schematic illustration of solvent casting followed by particulate leaching process (b)
SEM image of a porous PCL membrane formed by solvent casting and particulate leaching [69]

Mechanisms of water remediation using polymeric membranes

Membrane filtration can be divided into three main types: (i) microfiltration, (ii)
ultrafiltration, and (iii) nanofiltration, depending on their pore size [70]. The filtra-
tion efficiency also depends on the functionality and physicochemical properties of
the membrane. The mechanisms which mainly govern the filtration process are the
rejection of solutes, adsorption, ion exchange [71], and sieving and Donnan effects
[72, 73]. Rejection is mainly governed by the surface chemistry of the membrane,
for example, a hydrophilic surface would reject water-repelling substances like oil
and vice versa. Adsorption depends on the functionality and available surface area
of the membrane. This is the main mechanism for heavy metal ion and dye removal.
Ion exchange is used mainly for heavy metal ion and salt rejection [71]. Sieving and
Donnan effects are based on the size exclusion phenomenon. High molecular weight
organic dyes, pharmaceutical drugs, and oligomeric pollutants can be separated by
these mechanisms.

3 Nanocomposite Membranes for Water Remediation

3.1 Carbon-Based Nanocomposite Membrane for Water
Remediation

Carbon-based NP may be referred to as the following materials: carbon nanotubes
(CNT), graphene oxide (GO), graphene, carbon nanofibers (CNF), carbon soot, etc.
Porous carbon and activated charcoal may be considered as nanostructured materials
since they contain nanopores on their structure [74]. These NPs are often modi-
fied suitably and incorporated into the polymer matrix to make nanocomposite
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membranes. The use of carbon-based materials has seen significant progress in
fabricating polymer membranes in the past decade, which has been reviewed in
the following section by taking CNT and GO as case studies.

3.1.1 CNT-Based Polymer Membranes

Since its discovery in 1991 by Iijima [75], CNTs have been used in numerous
applications including energy storage [76], conducting composites [77], electro-
magnetic interference shielding [78], molecular electronics [79] and water filtra-
tion [80], just to name a few, due to their extraordinary electronic and thermal
conductivity (200 W/m K) [81] and mechanical properties (Young’s modulus, E
= 270–950 GPa and strength, σ = 11–63 GPa) [82]. CNT can be best visualized
into their two popular variants: (i) as a cylindrical roll of single graphene sheet into
single-walledCNT(SWCNT), and (ii)multiple cylindrical rolls tomakemulti-walled
CNT (MWCNT) as elucidated in Fig. 8. Owing to their huge surface area, ability
to be chemically modified, affinity to metal ions, biocompatibility, and extraordi-
nary mechanical properties, they are excellent candidates for adsorption of various
pollutants from wastewater. However, due to their exorbitant cost and difficulty in
processing, they may not be directly utilized as standalone material for water purifi-
cation. Hence, CNTs are usually coated onto polymer membrane or embedded into
the polymer matrix and subsequently, the CNT-incorporated polymer could be made
into a nanocomposite membrane for water treatment. However, due to their inherent
characteristics of agglomeration owing to the intertube van der Waals forces, it is
not easy to disperse them uniformly in the polymer matrix [19]. But it is possible
to introduce functional groups on CNT surface through various functionalization
techniques, which help in overcoming the strong intertube van der Waals forces and
facilitate uniform dispersion of CNTs in the polymer matrix to a large extent [23].
However, for most of the membrane applications, the CNT amount in the polymer

Fig. 8 Schematic representation of CNTs a SWCNT bMWCNT
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is kept low, i.e., <5 wt% to mitigate the problem of agglomeration [15, 28]. Here,
we review the preparation and properties of different CNT-based nanocomposite
membranes through CNT functionalization and their plausible implications in water
remediation. It has been observed from the literature study that MWCNTs are more
widely used as modifying agents in various the polymer matrices for nanocomposite
membrane fabrication than SWCNTs. This may be due to the reason that MWCNTs
are easier to debundle and disperse in polymermatrix and to functionalize wide range
of organic substances than SWCNTs.

Heavy metal ion removal and salt rejection

CNT-incorporated nanocomposite membranes have been found to exhibit significant
improvements in heavy metal ion removal as compared to their monolithic polymer
membranes. Sorption of heavy metal ions like Pb2+ and Cu2+ have been remarkably
enhanced by using poly(ethyleneimine) (PEI)-modifiedMWCNT-incorporated PAN
nanofiber mats, as reported by Deng et al. [15]. The nanofiber mats were fabricated
by electrospinning followed by hot-pressing. The PEI was covalently bonded to the
carboxylated-CNTs with help of 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS). The CNT-incorporated PAN membrane
showed adsorption capacity of ~231 and ~108 mg/g of Pb2+ and Cu2+ ions as
opposed to ~28 and ~5 mg/g of respective ions using bare PAN membrane from
their aqueous solutions [15]. The resulting nanocomposite membranes with up to
3.5 wt% PEI-modified CNT displayed improved hydrophilic nature, mechanical and
water flux properties [15]. In another study by Salehi et al., adsorption of Cu2+

ions has been significantly improved by using up to 2 wt% of NH2-functionalized
MWCNT as an additive in chitosan-PVA blends and the resulting composites were
made into a membrane using the casting-evaporation method [28]. As a result, the
Cu2+ adsorption efficiency increased from ~9.5 mg/g for the neat polymer membrane
to ~18.3 mg/g for the CNT-incorporated chitosan-PVA membrane at 20 °C [28].
Moreover, with the addition ofNH2-MWCNT, themembrane showed thermodynam-
ically more affinity to Cu2+ ions than the pristine polymer membrane and improved
reusability [28]. Shah et al. have reported efficient removal of a series of heavy
metal ions (Cr4+, Pb2+, Cd2+, Cu2+, As3+) using three differently functionalized
MWCNT (acid, amide, and azide) doped polysulfone (PSU) membrane, prepared
by NIPS technique. Out of these, the azide-functionalized CNT-incorporated PSU
membrane exhibited the best metal ion adsorption properties. The maximum adsorp-
tion efficiency reached up to ~5% for Cr4+ ion using 1 wt% azide-functionalized
CNT-PSU membrane, as against only ~10% removal of the same ion using the
bare PSU membrane. Further, CNT-embedded PSU membranes showed increased
pore size and enhanced hydrophilicity [35]. Zhao et al. were able to achieve >90%
salt (ZnCl2, MgCl2, CuCl2, CaCl2, MgSO4, Na2SO4) rejection from aqueous solu-
tion using poly(dopamine) modified MWCNT (0.1 wt%) in PEI membrane [83]. In
another study, Gupta et al. have found ~97, ~88, and ~94% removal of Cr6+, As3+, and
Pb2+ ions, respectively, using 1% functionalized SWNT/PSU membranes, prepared
by NIPS technique [84]. Shawky et al. have shown significant improvement in salt
rejection by addingMWCNT into polyamidemembrane, preparedby solution casting
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followed by NIPS. They found NaCl rejection of >76% using the nanocomposite
membrane as opposed to only ~24% rejection using pristine polyamide membrane
[85].

Pharmaceutical drug and organic dye removal

Park et al. used alkylamine-grafted-MWCNTs as a functional filler in PVDF matrix
and prepared a porous nanocomposite membrane by NIPS method. To improve
the hydrophilicity and fouling resistance properties, the amine-MWCNT has been
attached to the PVDF backbone by a complex bond formation using CuCl2 as a
catalyst and 4,4′-dinonyl-2,2′-dipyridyl as a ligand by atom transfer radical addition
(ATRA) reaction. Consequently, the resulting membrane showed at least 2.5 times
higher water flux, higher rejection of bovine serum albumin (BSA) protein (~98%
against ~94% for pristine PVDF membrane), and superior foul-resistance proper-
ties than pristine PVDF membrane [86]. In another study, Masjoudi et al. immo-
bilized an enzyme (laccase) on PVDF/MWCNT nanocomposite membrane surface
by dip-coating for adsorption of two pharmaceutical model drugs: carbamazepine
and diclofenac from their aqueous solutions. The membranes were prepared by
the NIPS technique. They also showed that the addition of MWCNTs increased
the pore size of the membrane. The efficient immobilization of laccase without
losing their activity significantly was found when the PVDF/MWCNT membrane
was treated with N-(3-dimethyl aminopropyl)-N′-ethyl carbodiimide hydrochloride
andN-hydroxysuccinimide together. The removal efficiencies of carbamazepine and
diclofenac drugs using enzyme-immobilized membrane were found to be ~27%
in 48 h and 95% in 4 h, respectively [45]. Significant enhancement of water
flux and antifouling properties have been reported by Wang et al. using sodium-
lignosulfonate-modified CNT (s-CNT)-incorporated PES membranes, fabricated
via NIPS technique [87]. Incorporation of s-CNT in membrane matrix resulted in
increased porosity, mean pore size, hydrophilicity, and pure water flux; but BSA
rejection decreased due to higher water flux. The nanocomposite membrane showed
excellent antibacterial properties against E. coli [87].

The efficiency of organic dye removal from aqueous solutions has been signifi-
cantly improved using carboxylated-MWCNT incorporated PES porousmembranes,
prepared by theNIPS technique [88]. The introduction of only 0.2wt% carboxylated-
MWCNT resulted in greater porosity, hydrophilicity, pure water flux, and tensile
strength of the PES membrane. Further, the nanocomposite membrane exhibited
significantly improved dye rejection from aqueous solution, i.e., up to 95% removal
of bromothymol blue and methyl orange dyes against only 30–40% rejection by
bare PES membrane [69]. CNT-incorporated PES membranes have also been able to
reject high fractions of poly(ethylene glycol) (PEG) as a model pollutant from water
[89]. In this study, 0.04 wt% nitrogen-doped CNT (N-CNT) in PESmembrane could
improve the hydrophilicity and water flux of the membrane, however, the percentage
PEG rejection of the same membrane showed a decrease; while with 0.5 wt% of
N-CNT, the percentage PEG rejection of the membrane was enhanced from 65% for
pristine PESmembrane to 77% for 0.5 wt%N-CNT loadedmembrane [89].Mousavi
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et al. have demonstrated Malachite green dye rejection of ~99% from aqueous solu-
tion using a chitosan-treated CNT-coated PES nanocomposite membrane, prepared
bydip-coatingmethod [90]. ThePESmembranewas prepared by theNIPSmethod.A
copolymer of polyamide and poly(ethylene oxide) (PEBA)was used as thematrix for
chitosan-treatedCNTs.Themodifiednanocompositemembranes exhibited enhanced
hydrophilicity and improved pure water flux (~14 L m−2 h−1) with 1 wt% chitosan-
loaded CNTs in PEBA in comparison with pristine PES membrane [37]. Roy et al.
found an order of magnitude higher water flux and comparable dye rejection (~97%
rejection of Brilliant blue R and ~68% rejection of Safranin O dyes from aqueous and
organic solvents) bymodifying twocommercially availablemembranes (PPandPES)
with COOH-CNTs in comparison with the properties exhibited by the commercial
membrane [38]. Antifouling, water, and BSA solution flux properties of polysulfone
(PSU) membranes prepared by the NIPS method could be considerably enhanced
by incorporating 0.25 wt% PEG-functionalized CNT [91]. The CNT-incorporated
PSUmembranes showed enhanced hydrophilicity, porosity,mean pore size, and FRR
[91].

Oil–water separation

Polymeric porous membranes have also been employed in oil–water separation
due to their tunable surface chemistry and high porosity [6]. Towards efficiently
separating oil from the oil–water emulsion, Yang et al. dip-coated a commer-
cially available PVDFmembrane in 3-aminopropyltriethoxysilane (APTES)-grafted
MWCNTs solution using polydopamine (PDA) as a binder to prepare a super
hydrophilic membrane. The modified membrane showed hydrophilic and super-
oleophobic behavior with water contact angle (WCA) and oil contact angle (OCA)
reaching up to ~27° and ~154°, respectively.Due to the above properties, the resulting
membrane showed significant improvement in water flux (from ~328 L m−2 h−1

for the PDA-treated membrane to ~1283 L m−2 h−1 for MWCNT-treated PVDF
membrane with 0.09 MPa pressure) and moderate enhancement of BSA rejec-
tion. Importantly, the CNT-modified membrane could be able to separate ~99%
of diesel from various concentrations (1–8%) of diesel–water emulsions [6]. Zhao
et al. found >99% separation of various oils from oil/water emulsion and 97%
FRR using CNT-incorporated chitosan (CS) and tannic acid (TA) with the in situ
reaction of FeCl3 leading to the formation of FeOOH; they called this a ‘nanohy-
brid membrane’. The nanohybrid membrane also showed improved water flux,
foul-resistant and self-cleaning properties, and superhydrophilic and underwater
superoleophobic behavior [92]. MnO2-MWCNT decorated cellulose microfiber
membrane, prepared by vacuum filtration method, displayed >99% rejection of
various oils (diesel/petroleum ether/hexane/sunflower oil) from their oil–water emul-
sions [93]. The coated membranes also showed improved hydrophilicity and water
flux. A new approach of fabricating multilayer electrospun nanofiber microporous
membrane has been reported by Gu et al., wherein a thermoplastic polyurethane
(TPU) nanofiber layer is sandwiched between two PVDF-CNT layers for oil–water
separation [94]. Being oleophilic in nature, theCNT-embedded sandwichmembranes
showed superior oil–water (80–95%) separation (n-hexane, engine, sunflower seed,
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and sesame seed oils from their water emulsions) than the membranes without CNT
in them [94].

3.1.2 GO-Based Polymer Membranes

Graphene oxide (GO), also known as graphite oxide is a chemical derivative of
graphene, prepared from graphite flakes using the popular Hummer’s method [95,
96]. The strong oxidation of graphite in presence of protonated solvents leads to the
introduction of functional groups like hydroxyl (–OH), alkoxy (C–O–C), carbonyl
(C=O), and carboxylic acid (–COOH), etc., on the graphitic backbone. This creates
significant disorderliness in the graphitic structure by remarkably altering the elec-
tronic and mechanical properties of the graphene sheets. These functional groups in
GO, however, offer the opportunity to attach with a wide range of NPs and organic
molecules by covalent bonds or dipolar interactions [97, 98]. The functional groups
further reduce the formidable van der Waals forces between the graphitic sheets,
making their dispersion facile in the polymer matrix. GO exhibits good dispersibility
in aqueous and organic solvents as well as in polymer matrices [99]. The electronic
conductivity of GO can be partially gained by its chemical reduction, leading to the
formation of reduced GO (rGO), using various reducing agents like ascorbic acid
[100], hydrazine monohydrate [101], ammonia [102], sodium borohydride [103],
etc. Figure 9 schematically illustrates the structure of single-layer graphene and GO.

Heavy metal ion removal and salt rejection

Saeedi-Jurkuyeh et al. found significant enhancement of heavy metal ion removal
from model aqueous solutions as well as from industrial wastewater using GO-
based bilayer membrane [104]. The membrane consists of PEG (up to 8 wt%)
mixed with PSU, prepared by NIPS process, and an active layer, i.e., GO (up to
0.012 wt%)-incorporated polyamide, was prepared by interfacial polymerization of
1,3-phenylenediamine/GO and trimethyl chloride on the PSU layer. The resulting
bilayer membrane showed rejection of 99.9, 99.7, and 98.3% of Pb2+, Cd2+, and
Cr2+ ions, which are significantly higher than their pristine membrane counter-
part and also showed improved hydrophilicity, water permeability, and water flux

Fig. 9 Structure of a single-layer graphene and b graphene oxide
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[104]. The Cs2+ ion can be completely removed from an aqueous solution (~99%)
in the pH range of 2–12 using a composite membrane made up of a commercial
PES membrane supported by PEI-treated rGO and potassium copper hexacyano-
ferrate [105]. Poly(acrylamide-co-methyl acrylate)/rGO-g-polyamidoxime (rGO-g-
PAO) (up to 0.5 wt%) electrospun nanofiber membrane was used to adsorb Cu2+

and Cr4+ ions from aqueous solutions. The membrane showed improved adsorp-
tion of these ions and also exhibited efficient oil–water separation and improved
water flux (~6151 L m−2 h−1) in comparison with the membrane without rGO
[106]. Poly(dopamine) (PDA)/rGO composite, coated onto a commercial cellulose
acetate (CA)membrane has shown increased Cu2+ ion rejection (themaximum being
~100% at pH 9) and decreased flux with the increase in PDA/rGO content in the
membrane [107]. Li et al. have shown ~87% Ni2+ ion removal from its aqueous
solution using rGO and nano-MnO2/PVDF membrane, cast by NIPS method. The
nanocompositemembrane also demonstrated improvedwater flux, stable permeation
flux, and hydrophilicity as compared to the bare PVDFmembrane [108]. A marginal
improvement in rejection of MgSO4, NaCl, Na2SO4, and MgCl2 salts have been
observed with 0.02 g/m2 GO-embedded poly(piperazine amide) (GO-PPA) active
layer, which was rich with amine groups, prepared by interfacial polymerization
of trimesoyl chloride (TMC) and piperazine (PIP) on PSU membrane, which has
been prepared by NIPS method [109]. Rejection of salts like NaCl and Na2SO4

showed improvement by using nanocomposite membrane prepared by phosphory-
lated chitosan (PCS)/GO coating on PAN membrane as compared to the only PCS-
coated PANmembrane [110]. Contrary to the above, nanocompositemembranemade
of PES and a composite of GO and poly(sulfobetamine) (PSBA) showed lower salt
rejection (Na2SO4, MgCl2, NaCl, and MgSO4) than the pristine PES membrane
[111].

Organic dye removal

In Ref. [109], Lai et al. have shown remarkable rejection of organic dyes, viz., rose
bengal (RB) (~100%), reactive black 5 (RB5) (~98%), methylene blue (MB) (~96%)
using GO-PPA layer supported by PSU membrane. The resulting GO-embedded
membranes showed improved hydrophilicity, salt solution permeability, pure water
flux, and antifouling properties as compared to the membrane without GO [109].
PDA/rGO-modified CA membrane, prepared by vacuum filtration was found to
exhibit ~100% rejection of methylene blue, and ~99% rejection of both congo red
and rhodamine B dyes, respectively, from model aqueous solutions [107]. Though
the percentage rejection for various dyes increased moderately, the flux showed a
downward trend with an increase in PDA/rGO content. Further, the nanocomposite
membrane was able to show ~94% FRR after washing the membrane 3 times [107].
Zhang et al. have reported ~94, ~96, and ~99% rejection of New Coccine, Ponceau
S, and direct red 80 dyes using carboxyl functionalized GO (COOH-GO)/PA layer
polymerized on PSU supporting layer via interfacial polymerization. However, the
dye andNaCl rejectionsweremarginally lower forGO-incorporatedmembranes than
the membrane without GO [112]. However, the COOH-GO/PA membrane showed
better water permeation and dye desalination than the only GO/PA membrane [112].
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Song et al. functionalized a commercially available PAN membrane by dip-coating
in phosphorylated chitosan/GO suspension and crosslinking the resulting membrane
with glutaraldehyde (GA) to prepare a nanocomposite membrane. The nanocom-
posite membrane was able to show ~100, ~98, and ~93% rejection of direct black
38, xylenol orange, and Ponceau S dyes from their aqueous solutions, respectively.
The surface modification also enhanced hydrophilicity, pure water flux, and FRR
of the PAN membrane [110]. Zhu et al. have prepared a novel zwitterion polymer:
poly(sulfobetamine) (PSBA) and GO composite and subsequently, the composite
was used as filler in PES membrane, prepared by NIPS method. In comparison
with the pristine PES membrane, the nanocomposite membrane showed higher dye
rejection (~99 and ~97% of reactive black 5 and reactive red 49, respectively) and
improved pure water flux, FRR, hydrophilicity, and tensile strength [111]. Cheng
et al. have compared the dye rejection properties of three membranes: (i) GO, (ii)
rGO and (iii) GO/polyacrylamide (PAM), prepared by vacuum filtration method.
All the three membranes showed almost comparable rejection of rhodamine B dye
(~99%). However, among these, GO/PAMmembrane showed the highest water flux
and the best hydrophilic properties [113]. In another study, a significant enhance-
ment of water permeation (7–20 times higher) as compared to only GO on nylon
membrane and comparable rejection of rhodamine B and direct red dyes (~99%)
has been reported by Lu et al. using a commercial nylon microfiltration membrane
dip-coated with PEI-g-GO or GO suspension [114]. Thermoplastic polyurethane
(TPU)/GO composite electrospun nanofiber membranes showed substantially higher
water flux, FRR and rejection of methylene blue (~95%) and rose Bengal (~92%)
dyes as compared to the pristine TPU nanofiber membrane [115].

Antibacterial behavior and oil–water separation

Polymeric membranes which are used for water remediation should possess good
antibacterial properties. GO is an excellent material for imparting antibacterial
properties in polymeric membranes against various harmful pathogens [115, 116].
Sundaran et al. found that the growth of S. Aureus bacteria significantly inhibited
on TPU/10 wt% GO electrospun nanofiber membranes, implying good antibacte-
rial properties. They also reported that the GO-embedded TPU membranes showed
good antifouling properties for oil rejection of >99% from the oil–water emul-
sion. However, no results on oil–water separation have been reported [115]. Ayyaru
et al. have thoroughly studied the physicochemical properties of sulfonated GO
(sGO)-PVDF composite membranes, prepared by NIPS technique, and compared
the sGO membrane properties with that of pristine PVDF as well as with GO-PVDF
membrane. They found significant improvement in hydrophilicity, pure water flux,
BSA rejection, and FRR values in comparison with pristine PVDF and GO-PVDF
membranes [117]. Though they have not reported any separation behavior of these
membranes; however, this study is expected to imply oil–water separation as well as
heavy metal ion removal [117].

The details of carbon-nanoparticle-based nanocomposite membranes including
the polymermatrix,NPs used,membrane preparationmethod, and variousmembrane
properties are presented in Table 1.
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3.2 Nanoclay-Based Nanocomposite Membrane for Water
Remediation

Due to their versatile properties and ability to bind with diverse kinds of polymeric
material, inorganic materials such as nanoclays have been served as functional fillers
in polymeric membranes. Moreover, clays are known for their excellent adsorption
properties [118]. They are mostly layered silicates and are obtained from natural
sources. Their variety depends on the geographical location that they are found.
Nanoclays have a general chemical formula of (Ca, Na, H) (Al, Mg, Fe, Zn)2(Si,
Al)4O10(OH)2−x·xH2O, where x represents water quantity [119] and typically have a
smectic monoclinic structure with two Si4+ tetrahedral sheets sandwiching a central
Al3+ or Mg2+ octahedral sheet. Most popular nanoclays used as fillers in polymer
matrix are montmorillonite, hectorite, laponite, vermiculite, saponite, bentonite etc.
Nanoclays have been widely acknowledged as reinforcements in the polymer matrix
and found to improve the physical, chemical, thermal, and mechanical properties
of polymers [120–122]. Nanoclays have also been widely used in the polymeric
membrane for water remediation [123–125]. In this section, we review the use of
nanoclays in the polymeric membrane as fillers and their ability to remove harmful
pollutants from wastewater.

3.2.1 Montmorillonite Clay (MMT) Based Membrane

Montmorillonite (MMT) clay is a layered silicate clay with a 2:1 phyllosilicate struc-
ture. The general chemical formula of MMT is Mx(Al4−xMgx)Si8O2(OH)4, where
M is the monovalent cation, x is the degree of isomorphic substitution, which varies
from 0.5 to 1.3. Due to its hydrophilic nature, MMT does not readily disperse into
polymer matrix [126]. Therefore, they are modified with organic surfactants. A wide
range of organically modified MMT clays are also commercially available [127].
Numerous studies have been carried out on MMT clay-based composites in the
literature, covering a wide range of properties and applications [128–130]. There-
fore, the present chapter does not intend to deal with clay-based nanocomposites in
general; except the ones which report the use of clay-based nanocomposites in water
remediation (Fig. 10).

Heavy metal ion removal

Jacob et al. have reported a maximum of ~95% rejection of Cr6+ ions from their
aqueous solution using the nanocomposite membrane made up of polysulfone (PSU)
and 3 wt% methyl hydroxyethyl hydrogenated tallow ammonium modified MMT
(mMMT) clay by NIPS method. The above membrane also showed improved
antifouling properties as the FRR value (~83%) was higher in comparison with the
PSU/pristine MMT (3 wt%) (~76%) and the pristine PSU (~58%) [124]. Notwith-
standing the clay content, the modified clay (mMMT) showed improved water flux
over the pristine MMT-PSU and pristine PSU membrane as well [124]. Shokri
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Fig. 10 Schematic representation of the structure of MMT clay a Side view: tetrahedrons units of
MMT assembled through weak van derWaals and electrostatic forces to form the primary particles,
b top view of MMT clay hexagonal structure of oxygen and hydroxyl ligands of the octahedral
layer [131, 132]

et al. have shown ~97% rejection of Pb2+ ions from their aqueous solution using
a composite membrane of poly(vinyl chloride) (PVC) and folic-acid-modifiedMMT
(FA-MMT) (1wt%), prepared byNIPS technique [133]. Themembrane also retained
a good rejection (~90%) of Pb2+ ions from the water after 5 adsorption cycles. The
MMT- and FA-MMT-incorporated PVCmembranes also showed improved porosity,
pure water flux, hydrophilicity, FRR, and tensile strength than that of PVC [133].
Somera et al. have shown Hg2+ ion adsorption (~14 mg/g) frommodel aqueous solu-
tions using electrospunFe-MMT(Cloisite 24A)/PCLnanofibermembrane.However,
the study has not reported the adsorption properties of Hg2+ ions using pristine PCL
membrane [134]. PSU-lysine amino acid modified MMT (MMT-lys) (0.5–1.5 wt%)
nanocomposite membranes, prepared by NIPS method, showed excellent removal
of As5+ ion (>90%) from water, which was higher than the pristine MMT/PSU
membrane (~30%) [135]. It was shown that the As5+ ion removal depended on the pH
and initial concentration of the arsenic solution; higher concentration and lower pH
facilitated As5+ ion removal. Further, the nanocomposite membrane using MMT-lys
showed > 90% removal of As5+ after 5 cycles of adsorption–desorption [135].

Organic dye and pharmaceutical drug removal

Hosseini et al. have reported improved removal of a cationic dye: Basic Blue 41
(BB41) from water using MMT clay (up to 2 wt%) as an additive in the elec-
trospun nanofibrous membrane of chitosan/PVA (20/80) blend. The dye adsorp-
tion of the nanocomposite membrane increased with an increase in pH and the
maximum adsorption was obtained at pH 7. The nanocomposite membranes also
displayed higher pure water flux than the pristine blend membrane [136]. Poly(4-
styrene sulfonic acid-co-maleic acid) (PSSMA)-modified MMT clay has been used
for salt (Na2SO4) rejection and pharmaceutical drug (cephalexin, amoxicillin, and
ibuprofen) removal from water [123]. The nanoclays were added in PVA matrix and
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a supporting membrane of PSU, fabricated via NIPS technique was dip-coated in the
above composite solution followed by cross-linking with GA. Though the modified
clay showed better salt rejection and drug removal than the pristineMMT clay-based
membranes; however, the removal properties decreased slightly with the clay addi-
tion, regardless of their treatment; only the water flux improved marginally with clay
addition [123]. Methyl dihydroxy-ethyl hydrogenated tallow ammonium-modified
MMT clay (0.05–0.15 wt%) was added into PCL membrane, prepared by NIPS
technique for improving the removal of Congo red dye [137]. Besides the enhanced
dye removal (efficiency ~ 45%), the modified membranes showed improved tensile
strength and hydrophilicity, increased porosity, and improved purewater flux than the
bare PCL membrane [137]. PVDF/polyaniline (PANI) (5 wt%)/MMT (10–14 wt%)
mixed matrix composite membrane prepared by NIPS technique showed removal of
~50% tetracycline from water, which is significantly higher than the removal effi-
cient shown by the pristine PVDF (~0.3%), PVDF/PANI (2.5%) and PVDF/pristine
MMT (~38%) membranes in batch experiments [138]. The above nanocomposite
membrane also showed efficient desorption (~80%) in 0.05mol/LNaOHsolution and
reusability up to 5 cycles without losing the efficiency significantly [138].Wang et al.
used PVP-grafted MMT clay (1–6 wt%) as a porogen additive in the PVDF matrix
for preparing ultrafiltration membrane by NIPS technique. The typical morphology
of the above nanocomposite membrane cross-section is shown in Fig. 11. To evaluate
fouling performance of the membrane, bovine serum albumin (BSA) was taken as
a model foulant. The PVP-g-MMT/PVDF membrane showed improved antifouling,
water flux and FRR properties in comparison with the control PVDF membrane
(various membrane properties are quantitatively presented in Table 2) [27]. They
further predicted the potential use of this membrane in organic pollutant removal.
Ferreira et al. found higher efficiency of indigo blue dye rejection (~94% at 1.5 bar
pressure) with 1 wt% MMT clay than higher clay content (5 wt%) in PES and also
with respect to bare PES membrane, all fabricated by NIPS technique [139].

Fig. 11 Typical cross-sectional SEM images of PVDF membrane loaded with various concen-
trations of PVP-g-MMT: a bare PVDF membrane, PVDF membrane with b 1 wt%, c 2 wt%,
PVP-g-MMT loading [27]
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Oil/water separation

MMT clay has not been widely explored for oil–water separation. Nevertheless,
few studies report the oil–water separation efficiency of MMT clay-loaded polymer
membranes. Filho et al. used MMT (1–5 wt%)-filled polyamide 6 (PA6) membranes
and explored their oil/water separation efficiency by measuring the oil present in
the permeate, which was found to be ~20 mg/L versus 100 mg/L in the feed solu-
tion [149]. The hydrophilicity of the membranes improved with the clay content
[149]. Makwana et al. reported higher rejection of transformer oil and motor oil
from their oil–water emulsions using a hydrophilicMg–Fe layered double hydroxide
(LDH)-modifiedMMT (1 wt%)-filled PSU/PVP blend ultrafiltration membrane than
the control PSU/PVP blend and pristine MMT-filled blend membranes [140]. The
oil rejection was found to be ~87 and ~96% for transformer oil and motor oil
as against ~75 and 85% for PSU/PVP blend membrane, respectively. The LDH-
modified MMT clay-based nanocomposite membrane also exhibited higher water
flux, BSA rejection, and FRR as compared to the pristine and unmodifiedMMT-filled
blend membrane, indicating better antifouling properties of the former [140].

3.2.2 Halloysite Clay-Based Membrane

Halloysite clay or nanotube (HNT) is a two-layered alumina-silicate with a hollow
spiral rolled sheet-like structure with chemical formula: Al2Si2O5(OH)4·2H2O. The
inner cylinder core is connected toAl2O3 and the outer surface has properties identical
to SiO2 with an Al to Si ratio of 1. It may grow into long multi-walled tubules that
roughly resemble the structure of MWCNT as shown in Fig. 12 [150]. Owing to its

Fig. 12 Schematic elucidation of halloysite nanotube structure [152]
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layered structure, the halloysite has a large specific surface area (~117 m2/g) [151],
making it a suitable candidate as an adsorbent material. Moreover, the presence of
both cationic and anionic species in HNT makes it a versatile nanofiller for bonding
with various ionic dyes and pollutants. Hence, HNT-based polymer nanocomposites
have been extensively explored in water remediation [127–137].

Organic dye removal and antibacterial property

Radoor et al. showed improved efficiency of methylene blue (MB) adsorption
from water using a novel PVA/carboxymethyl cellulose (CMC)/HNT (2–6 wt%)
composite membrane, prepared by solution-cast followed by cross-linking with GA.
They showed that in comparison with pristine membranes, the adsorption perfor-
mance was better for nanocomposite membranes and the MB uptake increased with
HNT content up to 6 wt%. However, no information was provided on whether the
membrane was porous. The adsorption was also found to depend on the initial
dye concentration, pH, and temperature of the solution. Further, the membrane
showed antibacterial properties against E. coli and S. aureus [125]. The nanocom-
posite membrane of PEI filled with polydopamine (PDA)-treated HNT also showed
antibacterial properties against E. coli, M. smegmatis, and C. albicans [144]. Zeng
et al. found improved organic dye removal from aqueous solutions using dopamine-
functionalized HNT using 3-aminopropyltriethoxysilane in PVDF membrane, made
by NIPS method [142]. The membrane filled with the 0.36 wt% modified HNT
was able to reject ~86, ~85, and ~94% of direct red 28, direct yellow 4, and direct
blue 14 dyes, respectively, from water; while the rejection efficiency for the pris-
tine PVDF membrane was ~79, ~76, and ~89% for the respective dyes. The FRR,
mean pore size, hydrophilicity, and antifouling properties were also enhanced with
the addition of modified HNT in the membrane [142]. In another study, Ibrahim
et al. modified HNT with tannic acid and used the modified HNT as an additive in
PSU membrane, made by dry/wet phase inversion technique. Using the HNT-filled
PSU membrane, they found ~99 and ~95% rejection of reactive black 5 and reactive
orange 16, respectively, and low rejection (<10%) of salts (Na2SO4, NaCl), indi-
cating the use of the modified membrane in industrial dye purification and desalting.
The modified HNT membranes also displayed improved pure water flux, FRR in
comparison with pristine ones [143]. In another similar effort, high dye rejection
(>90% of reactive black 5 and 80–90% of reactive red 49) with low salt rejection
(<10% for MgSO4, MgCl2, NaCl) has been reported byWang et al. using sulfonated
HNT (HNT-SO3H) (up to 3 wt%)-incorporated PES membrane, prepared by NIPS
process. The introduction of nanofillers also led to improved water flux and PEG
rejection of the PES membrane [148]. β-cyclodextrin (CD)-grafted HNT (CD-g-
HNT) (0.09–0.36 wt%)/PVDF membranes, prepared through NIPS technique were
found to efficiently adsorb organic dye (direct red 88) from aqueous solutions, as
reported by Ma et al. [145]. The dye removal was ~88% for 0.36 wt% CD-g-HNT-
loaded membrane, which is marginally higher than the virgin PVDF membrane
(~85%). The nanocomposite membranes also showed superior pure water flux and
antifouling properties, and reusability [145].
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Oil–water separation

Makaremi et al. have explored the oil–water separation capability of HNT-
incorporated PAN nanofiber membrane prepared by electrospinning [141]. Regard-
less of the membrane, the oil rejection efficiency was 99.5% from oil/water emul-
sion; however, the HNT-loaded membranes showed higher flux than the bare PAN
membrane due to an increase in internal nanochannels in the former case [141].
Nanocomposite membrane of PVDF, made by NIPS method, filled with 1-methyl-
3-(3-triethoxysilypropyl) imidazolium chloride-modified HNT (0.5–3 wt%) showed
~98% rejection of diesel from diesel/water emulsion, which is ~19% higher than
the separation efficiency shown by the pristine PVDF membrane. The nanocom-
posite membrane also demonstrated improved FRR, i.e., ~93% against BSA protein,
indicating better antifouling behavior, over pristine PVDF membrane [146]. PES
nanocomposite membranes embedded with PDA- and TA-coated HNT (0.2 wt%)
prepared by phase inversion coagulation bath containing Fe3+ ion, showed efficient
dodecane removal from its water emulsion [147].

Heavy metal ion adsorption

PDA-coated HNT in the weight ratio of 1–4 wt% has been used as a nanofiller in PEI
membrane for adsorption of Pb2+ and Cd2+ ions from aqueous solutions, reported
by Hebbar et al. [144]. The membranes were cast via the NIPS technique. The
nanocompositemembranewith 4wt%modifiedHNTshowed~79 and~73% removal
of Pb2+ and Cd2+, respectively, from their aqueous solutions; however, the adsorption
properties for pristine PEI membrane has not been reported. The nanocomposite
membranes also showed improved hydrophilicity, pure water flux, and FRR than the
pristine PEI membrane [144]. Improved Cu2+ ion removal from water has also been
shown by the nanocomposite membranes of CD-g-HNT/PVDF (removal of ~21%
versus ~4% for pristine membrane) [145] and HNT-loaded PAN nanofiber (removal
of ~31% versus 5% for pristine membrane) [141].

Purification of industrial effluents

Polymer nanocomposite filtration membranes have also been explored for the purifi-
cation of actual industrial effluents. To this end, Buruga et al. attempted to purify and
remediate wastewater collected from the paper and pulp industry using a nanocom-
posite membrane of polystyrene (PS) with 5 wt%HNT. Themembrane was prepared
by phase inversion method using various solvents (tetrahydrofuran and N-methyl-
2-pyrrolidone) and anti-solvent (water, methanol, ethanol, and propanol). Using the
nanocompositemembrane filtration, thewater quality in terms of acceptable standard
parameters (pH, hardness, conductivity, and biological oxygen demand) was found
to be within the acceptable range [52].
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3.2.3 Laponite-Clay-Based Membrane

Laponite is synthetic hectorite having a layered structure of sodium magnesium sili-
catewith chemical formula: Si8Mg5.45Li0.4O24Na0.7. Laponite clay is a 2-dimensional
disc-like structure with an average diameter of ~25 nm and a thickness of ~1 nm.
They have negatively charged faces (OH−) and positively charged (Na+) edges [153].
Laponite clay has been extensively used in various polymer matrices for improving
mechanical, thermal, and other properties [154–156]. However, little work has been
reported on laponite/polymer membranes for water treatment [157, 158].

Selim et al. have reported ~99.9% NaCl rejection from 50,000 ppm NaCl solu-
tion using a membrane fabricated by 7 wt% laponite and PVA followed by GA
cross-linking. The membrane was made by the phase inversion technique. The salt
rejection was higher than the pristine PVA membrane. Water flux improved from
~20 kg m−2 h−1 for the pristine membrane to ~34 kg m−2 h−1 for the 7 wt% laponite
membrane. The addition of laponite further improved the hydrophilicity and swelling
characteristics of the PVA membrane [157]. Laponite-clay-incorporated cellulose
acetate (CA) prepared by solvent-free supercritical CO2 phase inversion technique
showed improved cell adhesion properties. However, no separation properties of the
membrane are reported in this study [158].

The details of polymer, nanofillers, and their composite membrane properties and
applications for some of the nanoclay-based polymer nanocomposite membranes,
discussed above are presented in Table 2.

3.3 Metal Oxide-Based Nanocomposite Membranes
for Wastewater Remediation

Metal oxide (MO) NPs are another class of materials, which provide a large number
of functional sites and a huge surface area to volume ratio for adsorption of various
water pollutants.MONPs have also been used extensively in polymermatrix for other
applications such as in biomedical scaffolds [159], sensors [160], optics [161], energy
storage, anticorrosion coating [162], etc. Here we present various water remediation
phenomena of some MO NP-based polymer composites.

Heavy metal ion removal and salt rejection

Ghaemi et al. have used γ-alumina NP (1 wt%)-embedded PES (20 wt%)/PVP
(1 wt%) membranes for Cu2+ ion removal (efficiency ~ 49% after 4 cycles) from
water. The membrane was prepared by NIPS method using dimethylacetamide
as solvent and water as antisolvent. The nanocomposite membrane also showed
improved hydrophilicity, and increased water flux and porosity [163]. Heavy metal
ions such as As5+, Cd2+, and Pb2+ could be removed up to 96% and above from their
respective aqueous solutions using Al–Ti2O6 nanoparticles (3–5 wt%)-incorporated
PSU membranes, prepared by NIPS method as reported by Sunil et al. [164]. The



13 Polymer Nanocomposite Membranes for Water Remediation 263

NP-embedded membrane also showed improved physicochemical properties like
porosity, hydrophilicity, and pure water flux in comparison with the pristine PSU
membranes [164].Razmgar et al. prepared ablended composite ofPVDF/PVA/Al2O3

membrane byNIPSmethod and the resultingmembrane exhibited up to 90% removal
of Pb2+ ions from water [165]. PVDF/zirconia composite membrane, prepared by
solution cast method was found to show As5+ ion adsorption up to 21 mg/g over a
wide pH range (pH 3–8) from its aqueous solutions [166]. The addition of zirconia
also improved the porosity, hydrophilicity, and water flux of the PVDF membrane
[166]. Alharbi et al. had prepared a nanofiber mat of PAN with TiO2 (2–5 wt%)
and ZnO (2 wt%) NP separately embedded in it. A thick layer of chitosan/PVA
was developed directly over on this electrospun nanofiber mat of PAN by elec-
trospinning. Prepared nanocomposite membrane was able to demonstrate 389 and
461 mg/g adsorption capacity toward Pb2+ and Cd2+ ions, respectively [167]. Para-
amino benzoic ferroxane (PABF) NP (0.25 wt%)-incorporated PES nanofiltration
membrane, prepared by phase-inversion showed improved rejection of Na2SO4 and
NaCl salts, i.e., ~96% and ~73%, respectively, as opposed to ~61 and ~25% rejec-
tion of respective salts shown by pristine PES membrane [168]. PES membrane
coated with polyamide-SiO2 NP composites, prepared by interfacial polymeriza-
tion of poly(amidoamine) (PAMAM) and TMC showed efficient salt rejection in the
order of Na2SO4 > MgSO4 > MgCl2 > NaCl from their respective aqueous solutions
[169]. Lakhotia et al. have used modified commercially available PES membrane for
salt rejection and desalination [170]. The membrane was coated with FeO NPs by
interfacial polymerization of m-phenylenediamine (MPD) and TMC, wherein FeO
NPs were dispersed in TMC solution. The FeO NP-embedded membrane exhibited
improved hydrophilicity, flux and antifouling properties and also showed enhanced
salt rejection (NaCl, Na2SO4, C6H5Na3O7, MgCl2, and CaCl2) of > 92%, which is
higher than the bare PES membrane [170].

Organic dye removal

In ref [168], Moradi et al. have also shown ~99 and ~98% rejection of direct red
16 and methylene blue dyes from their aqueous solutions using 0.25 wt% PABF
NP-embedded PES membrane. These values are higher than the rejection efficiency
shown by the pristine PES membrane. The NP addition also improved porosity,
hydrophilicity, pure water flux, FRR of the PES membrane [168]. In another study,
Koulivand et al. found improved dye rejection (~98% versus ~92% for bare PES
membrane) of reactive green dye using a nanocomposite membrane comprising of
melamine-based dendrimer amine-treated magnetic Fe3O4 NPs (0.5 wt%) and PES,
prepared by NIPS method [171]. The nanocomposite membrane also showed an
overall enhancement of physicochemical properties, such as porosity, hydrophilicity,
pure water flux, and FRR than the bare PES membrane [171]. TiO2 NP-coated
poly(lactic acid) (PLA) electrospun nanofibrous membrane, followed by function-
alization with methyl trichlorosilane could be used to adsorb methylene blue dye
up to ~93% from aqueous solution (dye concentration of 10 mg/L). The adsorp-
tion efficiency was found to reduce with an increase in initial dye concentration
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and the modified membrane showed good reusability with ~85% of methylene blue
adsorption after 9 cycles of adsorption–desorption [172].

Oil–water separation

PDA-anchored SiO2 NP-coated PVDF membrane, prepared by NIPS method,
showed improved oil–water separation efficiency than the pristine PVDF membrane
due to super-hydrophilic behavior of the modified PVDF membrane [173].
The membranes also exhibited superoleophobicity in water and the oleo-
phobicity increased with an increase in SiO2 content, the maximum being
4.5 wt%. PVDF/PDA/SiO2 membrane showed ~99.9% separation efficiency of the
dichloroethane–water emulsion; while the pristine PVDF showed only ~70% effi-
ciency [173]. A commercial PVDF membrane, when dip-coated in chitosan-silica
NP-GA solution showed superhydrophilic and superoleophobic behavior. The modi-
fied membrane could show ~99% separation efficiency in separating gasoline from
water suspension [174]. Obaid et al. have used hydrophobic PSU/1 wt% amorphous
SiO2 NPs and PSU/1 wt% GO electrospun nanofiber membranes for oil–water sepa-
ration. They found enhanced separation efficiency of SiO2 NPs in comparison with
the GO-incorporated and pristine PSU membranes. The oil–water separation effi-
ciency in terms of measured flux for SiO2 NP-embedded membrane was found to
be ~187, ~100, ~115 m3/m2 for hexane, gasoline, kerosene from their water emul-
sions, respectively [175]. TiO2 NP-coated PLA electrospun nanofibrous membrane
has also shown n-hexane separation from its water emulsion with an efficiency of
~95% [172].

General membrane properties

Bae et al. prepared different nanocomposites of PVDF, PAN, PES separately by
mixing TiO2 NPs in them, the membranes were then cast via NIPS. They also dip-
coated the pristine membranes with TiO2 NPs. Regardless of the TiO2 incorpo-
ration method, the membranes showed decreased WCA and improved water flux.
Moreover, the membranes with TiO2 decorated on their surface showed higher
flux in comparison with the NP-embedded and the bare membranes [176]. Maxi-
mous et al. reported the preparation of Al2O3 NP-embedded PES membrane using
the NIPS method to treat activated sludge [10]. The resulting membrane exhibited
improved hydrophilicity aswell as flux due to the introduction ofNPs, asmetal oxides
show good affinity to water molecules. The treated membrane had higher FRR and
improved antifouling property than the raw PESmembrane. The water flux increased
from~20.4Lm−2 bar−1 h−1 for baremembrane to~252Lm−2 bar−1 h−1 for 0.05wt%
Al2O3-loaded PES membrane [10]. Pi et al. have coated commercially available
polypropylene (PP) membrane using dopamine hydrochloride/PEI solution in tris-
buffer solution. TiO2 NPs were deposited on the resulting membrane by immersing
in titanium (IV) bis-(ammonium lactate) dihydroxide (Ti-BALDH/NH3·H2O) solu-
tion [177]. As a consequence, the water flux increased from 605 ± 26 L m−2 h−1

for the pristine PP membrane to 5500 L m−2 h−1 for the PDA/PEI/TiO2-modified
PP membrane under 0.1 MPa pressure. The TiO2 NP-incorporated membrane also
showed improved antifouling properties than the pristine membrane, with FRR
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increasing from 44 ± 2% for pristine to 82 ± 5% PDA/PEI/TiO2 modified PP
membrane using BSA rejection studies. Similarly, using the Lys solution, the FRR
was 86 ± 3% for the TiO2-embedded membrane as opposed to 33 ± 6% for the
pristine membrane [177]. Wu et al. have prepared SiO2 nanoparticle embedded
PVDFmembrane by NIPS technique. The SiO2 NPwere functionalized with a silane
coupling agent: 3-(triethoxysilyl)propionitrile (TESPN) and further hydrolyzed with
carboxylic groups and subsequently PEG1000 was grafted on surface of these modi-
fied NPs with the help of coupling agents such as N,N′-diiso-propylcarbodiimide
(DIC) and 4-dimethylaminopyridine (DMAP). The modified membrane showed
improved FRR using BSA solution, i.e., ~93.5% after 3 cycles of physical and
chemical cleaning, indicating antifouling behavior of the membrane [48] (Table 3).

Other nanoparticle-based membranes for water treatment

Fang et al. decorated the internal pore walls of the PES membrane with PDA NP.
These membranes were fabricated via NIPS technique and were able to show static
adsorption capacity of 20.33 mg Pb/g, 17,01 mg Cd/g, and 10.42 mg Cu/g for Pb2+,
Cd2+, and Cu2+, respectively, along with properties such as decent PWF and BSA
rejection (92.9%) [179]. Zhang et al. have reported simultaneous oil–water separation
and catalytic reduction of 4-nitrophenol capability of superhydrophobic Au NP-
embedded zeolitic imidazolate framework (ZIF-8)-incorporated PAN electrospun
nanofibrous membrane. The NP-incorporated membrane was coated with tannic
acid to achieve superhydrophobicity (WCA ~ 155°) [178]. The modified membrane
was able to separate ~97% chloroform, ~96% n-hexane, ~97% toluene, and ~83%
lubricating oil from their respective water emulsions. The modified membrane also
displayed good retention of separation efficiency after 16 cycles [178].

4 Summary and Prospects

From the above discussions, it is evident that polymer nanocomposite membranes
have been successfully employed in various water remediation processes. NPs have
been modified with a wide range of organic moieties, surfactants, and polymers
in order to improve their hydrophilicity and dispersion in the polymer matrix.
Upon their incorporation into the polymer matrix, the physicochemical proper-
ties of the membrane are found to alter significantly, and the resulting membranes
become more favorable for the filtration process. Nanoparticle-loaded composite
membranes usually exhibit improved hydrophilicity, pure water flux, antifouling
properties over their unfilled counterparts. Two membrane fabricating techniques,
viz.: (i) phase inversion using solvent–non-solvent interaction and (ii) electrospin-
ning nanofiber are widely used. Sometimes pore-forming agents, e.g., PVP are also
used for increasing the porosity of themembrane prepared during the phase-inversion
method. Further, in the phase inversion technique, the various parameters which
influence the pore morphology are solution viscosity, solvent–non-solvent interac-
tion, additives, precipitation time and temperature, etc. Rejection, adsorption and
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sieving, and Donnan effects are the key mechanisms by which most of the pollutants
are removed from the water. Among the carbon-based fillers, multi-walled CNTs and
GOare popular additives in various polymermatrices.Amongnanoclays,montmoril-
lonite and halloysite nanotubes are widely used. The reason behind their popularity
is probably because these NPs render the required functionality and ability to be
modified with a wide range of functional organics and polymers. As a result, these
NPs impart hydrophilicity to the membrane, which is the key property for improving
the water flux and antifouling properties. Moreover, these nanofillers also improve
the mechanical, thermal, and antibacterial properties of the polymeric membrane.

The polymers, which are mostly employed for membrane technology, are PVDF,
PES, PSU, PEI, PAN, PVA, PCL, and cellulose acetate, etc., among others. Although,
these polymers offer excellent mechanical, high thermal stability, and film-forming
properties for making membranes, some of them are expensive. On the other hand,
there are very few reports available on membranes using low-cost polymers and
their nanocomposites, like PVC, PS, PP, etc. Therefore, future research may be
focused on developing efficient and low-cost filtration membranes for large-scale
water purification. Thermoplastic polyurethane (TPU) is another polymer that gives a
balance between cost and performance and is less explored in membrane technology.
Further, nanoparticle-filled various polymer blend composites may be explored for
future research. Although a few reports can be found on blend nanocomposites,
however, there is a great scope for further research. These composites offer a versatile
pathway for designing functionality, improved porosity, and mechanical properties.

Though a lot of work has been carried out on nanocomposite-based membranes,
however, their implications in real-life applications are still in the nascent stage.
The high cost of nanofillers and processes involved are impeding factors. However,
their usage is envisaged to increase in days to come due to the demand for high-
performance filtration membranes owing to the stringent environmental regulations
for water remediation.
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Chapter 14
Low-Dimensional Nanostructured
Materials for Sustainable Generation
of Water and Energy

Jackson Pame and Lenin S. Shagolsem

1 Introduction

With the advancement in science and technology and its need in every field, the
requirement for more reliable, cheap, eco-friendly, and abundantly available by-
products is in demand. Nanomaterials are one such material to which researchers
have turned towards as an up-gradation for technological development due to their
intensified properties. By definition, these are the materials whose size, in either one
of the three spatial dimensions, is in the range of 1–100 nm.Different heterostructures
of nanomaterials are shown in Fig. 1. Due to their small size and high surface area,
they are compatible for manipulating their functionality and designing nanodevices.
The origin of the research on nanoscience and nanotechnology can be traced back to
1959 [1], where a lecture by Richard Feynman addressed the approach to “manipula-
tion and tuning the properties of materials on atomistic-scale,” which was beyond the
accessible length scale of the researchers at that time. However, modern nanoscience
started much later. Since the properties of materials depend on the internal structure
tuning the structures on the atomic level can significantly alter material properties. In
this chapter,wediscuss low-dimensional nanostructuredmaterials, their applications,
and the growth of enhanced properties in low dimensions.

Given the fact that the currently available natural resources are depleting at a very
rapid rate due to overexploitation by humans, a sustainable resource is the need of the
hour. In this regard, nanomaterials are an alternative for sustainable development and
eco-friendly resources for future generations too. For example, water scarcity, which
is inaccessible of clean water to the most population of the globe, overpopulation
along with the exploitation of water resources in terms of domestic, industrial as
well as irrigation purposes has made a dramatic increase in shortage of fresh water
in many parts of the world. Although about 70% of the earth is filled with water,
out of which 97% is saline water and only about 3% is freshwater distributed poorly
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Fig. 1 Overview of nanostructured materials with different heterostructures. Adapted with permis-
sion from [2]

across the globe. Hence, desalination ofwater is an essentialmeasure to overcome the
demanding need for freshwater. Nanostructured materials such as zeolites, graphene,
and carbon nanotubes show potential application for the demanding need for the
desalination of seawater in industries. The details of which are discussed in the latter
part of the chapter. More application approaches of nanostructured materials apart
from desalination shall be elaborated in the chapter.

2 Low-Dimensional Nanomaterials

Thedimensionality of nanomaterials can be described as zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanomaterials
based on their size, length, and thickness.
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2.1 Zero-Dimensional or 0D

Zero-dimensional nanomaterials are the building blocks of all nanostructures. These
are usually nanoparticles, or nanoparticles clusters, or quantumdots.Due to their high
surface-to-volume ratio, high edge, and quantum confinement effect, they exhibit
properties such as quantum efficiency, photoluminescence, and chemiluminescence
which find applications ranging from sensors, photovoltaic, biomedicine, nanode-
vice, etc. Some of the well-known zero-dimensional nanostructures are graphene
quantum dots, carbon quantum dots, fullerenes, inorganic quantum dots, nanoparti-
cles, etc. For example, graphene quantum dots due to the electron confinement in all
three dimensions give them high electrical and optical properties. These properties
are an excellent choice for many technological advancements such as photovoltaic
cells and can even bemanipulated to achieve the desired properties [3]. Fullerenes too
find application in solar cells and in enhancing the properties of organic photovoltaic
cells due to their excellent photochemistry property [4].

2.2 One-Dimensional (1D)

Nanowire (NW), nanorod, nanofiber, carbon nanotubes, etc., are some of the most
common 1D nanostructured materials. The properties of 1D nanostructures are
dependent on the synthesis process, one of themost preferredmethods for the produc-
tion of 1D nanostructures over other physical and chemical fiber synthesis methods
is Electrospinning. For example, H2 produces electrospun nanofibers that perform
better than that produced by the hydrothermal synthesis process, where the process
parameter in particular calcination temperature (crystallinity) and surface area are
the governing factors. The improved properties of 1D nanostructures find their usage
in electronics, optoelectronics, magnetic sensor, photovoltaic, quantum computers,
energy harvesting technologies, etc.

NWs have been considerably studied in recent years [5–8] due to their lower
electron–hole recombination rate because of the improved electron–hole separation.
These properties find application to enhance the efficiency of photoelectrochemical
(PEC) technique to split water into its components, i.e., H2 andO2, whichwas tedious
and costly when first demonstrated by Fujishima and Honda [9] in 1972. It has been
shown that NWs yield higher PEC efficiency than those of 0D nanostructures due to
their improved charged transport properties. And hence, the TiO2 NWs were found
to be much more efficient than TiO2 nanoparticles (NPs) for H2 generation [10].
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2.3 Two-Dimensional (2D)

Research on two-dimensional (2D) nanostructured materials has been a trending
interest for the advancement of low dimensional materials, which gain applications
in nanostructured devices for their extraordinary and improved properties, namely
electronic, magnetic, optical, catalytic, etc. Diverse methods have been employed
for the evolution of the preparation of 2D nanostructured materials. However, the
preparation of 2D structures like nanosheets, nanoplates, etc., remains tedious work
because of complications in solution chemistry and also because of the intricate
interaction between materials [11]. So far, many 2D nanostructures with diverse
shapes and thicknesses have been prepared and studied both through conventional
methods and also by computer simulations to understand the structure formation and
to improve their properties. Graphene was the first hardest, thinnest, and lightest 2D
nanostructured material produced by a human with extraordinary properties such as
high thermal conductivity, high electrical property, etc. They can also be embedded
in plastics to make them conductive and find applications in many industries and
factories for the production of LCDs, flexible touch screen, solar cells coatings, and
many more.

2Dnanostructures such as nanobelts, nanosheets, nanoplates, nanolayers, nanorib-
bons, and nanoleaf are also found to be efficient for the H2 production, where transfer
of charge carriers to the surface occurs analogous to 1D nanostructures which helps
to improve the performance.

3 Simulation Approach to Nanostructures

Simulation comes as a handy tool to overcome the drawbacks of visualizing and
examining the dynamics at the atomistic or nanoscales. It is also important to test
the underlying theory and to locate the required thermodynamics parameters such
as the freezing or melting pressure, temperature, energy, specific heat, etc., to under-
stand the structure formation of any materials which can be used in real experiments
for verifying the developed theory. And hence act as a bridge between theory and
experiments.

Computer simulation has become an integral part and is considered an interdis-
ciplinary subject in every field of research these days mainly for the reduction in
time as compared to the laboratory experiments. Since material properties depend
on the microstructures, i.e., the atomic arrangement or chemical composition and the
dimensions of the materials (one, two, or three dimensions). Manipulating the struc-
tures may eventually lead to the alteration of the material properties. For example,
the properties of gold [12–17] drastically change when reduced to nano dimension,
one such interesting change is its color from yellow to red when reduced to nano
dimension. In 1995, S. Múller and M. Schwarz presented a simulation model for the
first time that gives an insight into the properties of nanostructured materials such
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as static structure factor and the pair correlation function through computer simu-
lation of 3000 classical particles using Metropolis Monte Carlo algorithm in two
dimensions [18].

Depending on the merits, specific to a system, molecular dynamics (MD) simu-
lation or Monte Carlo (MC) simulation (or both MD and MC) is used to model low-
dimensional systems. Through proper choice of potentials and force fields, one can
reproduce the accurate behavior of an actual system. MD simulations are like real
experiments in many respects. For performing real experiments, we must prepare
material samples of our desired study. After which for measuring its properties,
we require instruments such as a thermometer, manometer, or viscometer, etc., and
measured its property of interest for a certain time interval. Now, since there is always
a statistical noise in almost all measurements, hence the more we average, the more
accuracy we get in our measurements. In MD simulation also similar method or
approach is followed. Also, the errors encountered during computer simulation are
quite similar to those of the real experiment, e.g., error/defects in sample prepara-
tion, notwell equilibrated, performingwrongmeasurements, etc. Frenkel and Smidth
[19], Gates, andHinkley [20] investigated details ofMD andMC simulationmethods
including applications in many systems ranging from quantum (atomic) systems to
classical (mesoscale) systems.

It has been shownexperimentally that thewater fluxes in carbonnanotubes (CNTs)
are ultrafast [21, 22]. The same result with more insight into why the ultrafast water
transport inside the CNTs is also shown byMolecular Dynamics simulation [23, 24].
Firstly, the interaction of water molecules among themselves confined inside CNT
is stronger than the interaction with the wall of the CNT [25]. Secondly, the water
transport inside CNT also depends on the surface roughness (add friction to water
flow) and the degree of hydrophobicity [21]. The friction coefficient between the
walls of CNT and water molecules depends highly on the curvature of the CNTs.
MD simulation results by Falk et al. [26] demonstrated that with decreasing radius
of the CNT, the friction decreases and tends to vanish at a radius below 0.25 nm.

4 Applications of Low-Dimensional Nanostructured
Materials

4.1 Desalination of Water

Desalination is the process of separating water from salt. The high cost in energy
and infrastructure of the existing technologies has made the researchers look for
new, better, low energy, and cheap byproducts that are available abundantly and are
environment friendly, which is still a challenge to the present generation too. But with
the beginning of nanoscience and technology, manipulation of matter for transport
at nanoscales are possible and that has improved the water desalination techniques.
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Fig. 2 Desalination techniques/mechanism and their usefulness in desalination technologies.
Adapted with permission from [27]

Materials like graphene, carbon nanotubes, and zeolites show great potential for
use in the transport process, e.g., it finds applications in reverse osmosis, capacitive
deionization for desalination process with enhanced capacity and efficiency. We
discuss below somedesalination techniques using advanced nanostructuredmaterials
[27]. Figure 2 represents the schematic overview of these techniques, where three
differentmethods are employed for converting the salinewater into low salinitywater
and the different mechanisms involved in these processes.

The mechanism involving phase change

Desalination or the salt and water splitting process can be observed when the saline
water undergoes a phase change into vapor or ice. The liquid–vapor phase transition
technique is a widely used separation mechanism for desalination. Most desalina-
tion processes (e.g., solar distillation where solar thermal energy is used, membrane
distillation where vapor–liquid phases are separated, humidification–dehumidifica-
tion) involve evaporation of saline water to separate water from salt. As shown in
Fig. 3, the saline water is heated to provide a gradient for the water to evaporate on
the hydrophobic porous membrane pores, while salt compounds remain on the feed
side.

One of the most preferred techniques for the desalination process is freezing, the
advantage of this technique is that during the freezing transition, the salt preferred
to exist in the liquid state than in the solid state, which is shown by a theoretical
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Fig. 3 Phase-change
method for desalination of
saline water where
membrane distillation
process is employed.
Adapted with permission
from [28]

lower energy consumption with lower heat of fusion and minimal scaling difficul-
ties as compared to that of vaporization technique. The only disadvantage of this
technique is the complex plant requirement to tackle the ice and water mixture,
hence the processed water gets contaminated which has drastically hindered the
wide application of this process to commercialization.

The mechanism involving short-range interactions with a selective material

Thismethod uses transport phenomena through selectivematerialswhere short-range
interactions of water molecules and ions present with third material where combine
dispersion, steric, dipole, and electrostatic interactions can enhance desalination. The
interactions enable desalination preferentially, either by transport of water molecules
or ions present in the saline water with the desired materials or by chelation, i.e.,
by adsorption/absorption of ions to a chelating material, the chelating materials are
usually nanostructured materials like zeolites.

Carbon nanotubes, graphene, etc. In the chelation process, selection of chelating
material plays a crucial role and rely on the sorption and transport properties of
material where the adsorption and absorption of molecules or ions take place on the
surface of the chelating material through the nanometer pores and act as a membrane
for the separation of water molecules from the salt ions.

Figure 4 represents the hybrid capacitive deionization (HCDI) technique, which
consists of a sodium manganese oxide (NMO) electrode, and an anion exchange
membrane, and a porous carbon electrode. As is seen in the figure once the desalina-
tion process is activated, sodium ions are held by the chemical reaction in the NMO
electrode, and the chloride ions in the electric double layers are formed at the surface
of the porous carbon electrode. The ability to absorb ions depends on the thickness
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Fig. 4 Desalination by absorption of ions by HCDI method. Adapted with permission from [29]

of the electrode. It is shown that the HCDI method of desalination can remove ions
rapidly and shows exceptional stability [29] in the aqueous sodium chloride solution.

Mechanisms involving long-range electrostatic interactions

In this mechanism, electrokinetics phenomena are applied, which is the advantage of
the absence of net charge of water molecules and electrical charges on ions induced
long-range electrostatics fields to exert force selectively on ions [30]. This enables the
formation of an electric double layer (EDL) by attraction and repulsion of opposite
and like charges, respectively. And hence, salt ions can be either absorbed or exported
through pores of the membranes for desalination to take place.

Figure 5 shows the fabrication and manipulation of EDLs for desalination.
Initially, as the starting material, anodic alumina oxide (AAO) with the pore size of
about 200 nm is used (Fig. 5a1), then a 25 nm-thick aluminum (Al) layer inside AAO
nanochannels was prepared by sputter deposition (Fig. 5a2) to act as an electrode,
which is then coated fully to cover the electrode as well as the AAO nanochan-
nels with 10–30 nm thick uniform HfO2 layer by atomic layer deposition method
(Fig. 5a3). When no external bias is applied, the saline water containing anions and
cations pass through the nanochannels, indicating no desalination process (Fig. 5b).
With the application of bias (positive or negative) on the Al electrode, extra surface
charges (negative or positive) appears, that is due to surface polarization an EDL
is induced on the surface of the HfO2 layer. The EDL overlapping increases with
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Fig. 5 Fabrication of EDL-based AAO nanochannels membranes (a1–a3) for desalination process
and the manipulation of EDLs overlapping effect by controlling externally applied biases in the
nanochannels. Adapted with permission from [31]

increasing bias. A unipolar channel is formed inside the AAO membrane when the
EDL overlapped entirely, this action allows only the counterions to flow through the
channel and results in desalination (Fig. 5c).

Reverse osmosis (RO)

The main advantage of the reverse osmosis (RO) technique for desalination
of seawater over other techniques is its low-cost energy. The development in
nanoscience and nanotechnology, and the understanding of membrane technology
have attracted researchers to look for 2D nanostructures that have high permeabilities
that can be applied for the desalination of seawater at a large scale. In RO, desalina-
tion occurred when high pressure is applied to the feedwater (seawater/saline water)
to force it through a semi-permeable membrane, where the membrane allows the
water molecules to flow through but restrict salt ions (see Fig. 6). For desalination in
RO, the only requirement is that the applying pressure has to be always higher than
the osmotic pressure of the feedwater [32–35]. To have good desalination, water
flux from the membrane should be high, which requires high permeability of the
membrane along with high salt rejection capabilities. Hence, the rate of water flux is
greatly dependent on the membrane materials. The flux and the purity of produced
water are greatly affected by biofouling or the accumulation of salt ions on the surface
of the membrane and also due to degradation of the membrane. To overcome these
shortcomings, appropriate designing of the system is necessary [36]. To date, the
RO plants for desalination have been the most installed plants for their low energy
utilization. The first commercialized RO membranes were developed in the 1960s
with cellulose acetate, which offered low fluxes and also was easily degradable by
biological interactions [37]. Hence, for future generations, membranes with high
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Fig. 6 Schematics of reverse osmosis process for desalination. (Source lenntech.com)

permeability and high salt rejection, and high durability are a must for the desali-
nation process, which will prevent excessive use of the materials for developing the
equipment and deplete the resources.

4.2 Energy Generation

With the excessive utilization of the resources, the available sources of energy are
depleting at a very rapid rate. Therefore, the need for research on clean and free
energy is in demand for the sustainability of the future generation [38–40]. Hydrogen
(H2) is regarded as an ideal fuel for future energy demands due to its compati-
bility with the environment and is considered to be sourced for clean and renewable
energy resources. H2 attracted researchers because of its fascinating features such as
unlimited generation from abundant water sources on the earth. Significantly, upon
combustion, it generates water as an exhaust as compared to other conventional fossil
fuels.

Nanowires (NWs) exhibit significant photocatalytic activity due to improve-
ment of electron–hole separation and lower recombination rate these characteris-
tics are useful in hydrogen generation with relatively higher efficiencies because of
the improved charge transport over 0-D nanostructures [5]. Figure 7 illustrates the
production of H2 by splitting water using nanowire while giving off oxygen as a
final exhaust. Similarly, nanorods, nanotubes, etc., show enhanced properties for H2

generation.
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Fig. 7 (Left) hydrogen generation process on oxygen vacancy-enriched iron oxide-coated
nanoforests using thermal annealing (400–800 °C). (Right) Oxygen reduction process on oxygen-
enriched iron oxide nanoforests using deep ultraviolet (DUV) light exposure and low-temperature
annealing (200 °C). Adapted with permission from [41]

4.3 Solar Energy Using Carbon Nanostructures

The unique and extraordinary properties of carbon nanostructures have fascinated
many researchers to use them in energy generation applications [42–44]. The
harvesting of photons [45–47] is important for the application in solar energy devices.
Carbon nanostructures like fullerenes, CNTs, and thin films are an excellent choice
for solar energy devices. These nanostructures when deposited as thin films on
conducting glass surface acts as an electrode and exhibits excellent photoelectro-
chemical [48–51] and electrocatalytic [52] responses. Figure 8 represents the carbon
nanostructured thin film image obtained from atomic force microscopy (AFM)
and transmission electron microscopy (TEM). The single-wall carbon nanotubes
(SWCNT) and stacked-cup carbon nanotubes (SCCNT) are the two novel classes of
carbon nanostructures. SWCNT, SCCNT, and fullerene clusters are most preferable
for solar energy devices because of their efficient photocurrent generation property
[53] and hence have potential application to solar energy devices.

Figure 9 compares the output photocurrent of SWCNTandSCCNT todemonstrate
incident photon to current conversion efficiency (IPCE) as a function of wavelength
(λ). IPCE depends on the electronic properties of thematerials. The IPCE of SWCNT
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Fig. 8 AFM image of carbon nanostructured films cast on the surface of conducting glass elec-
trodes. a Image of C60 cluster film, b film image of single-wall carbon, nanotube and c film image
of stacked cup carbon nanotube. Adapted with permission from [53]

Fig. 9 The photocurrent conversion efficiency of SCCNT and SWCNT (for details see text).
Adapted with permission from [53]

thin films is relatively lower than that of SCCNT, which is due to the consequence of
the ultrafast recombination rate of the photogenerated charge carriers on the contrary
IPCE value of SCCNT is relativelymuch higher and ismuch preferred in applications
to solar cells.
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5 Summary

With the advancement of nanomaterials and nanostructures, there has been immense
growth and development in science and technology. These materials have shown
potential applications in the development of health care, renewable energy, solar
energy devices, water purification, etc., and other environment-friendly products
and are considered as the raw materials for sustainable development.

Nonetheless, with such acquired knowledge, there are still many mysteries that
are yet to understand, for example, the drastic change in the material properties
when reduced to nano dimensions and the complex shape dependence behavior are
some major issues. Fabrication of nanostructured devices on the other hand has a
major issue on the device failure by increasing friction. As the device gets smaller,
the interfacial area increases, which, in turn, gives rise to higher surface forces and
develops friction causing wear and tear.

The increasing demand for freshwater and energy requirements too need immense
research for new novelmaterials that are available abundantly. All these requirements
need depth study and understanding before proceeding into real experiments formass
production, which is time-consuming and subject to erroneous output. Simulation
comes as a tool that can predict the exact properties of the materials at different sets
of thermodynamic parameters for the required need. Hence, reduce the efforts and
save the erroneous experimental output.

Although humans have accomplished much progress in solving the increasing
demands for energy as well as the water crisis. There is still a need for innumerable
research for materials and devices, which are eco friendly, low cost, and are easily
accessible to most populations of the globe which will help them in tackling their
escalating requirements.
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Chapter 15
X-Ray Probing for the Structural
and Functional Studies of CdSe-CdS
Nanoparticle for Detector Application

S. R. Patra and B. Mallick

1 Introduction

Research on the synthesis of colloidal inorganic phosphorous-based semiconductors
and their nanoparticles is very much interesting and useful because of its techno-
logical importance. This advanced material is widely used in various fields. The
potential application of the above materials is: fabrication of photoelectronic device
[1, 2], LED [3, 4], photovoltaic device, solar cell, photo-detectors [5–13], windowless
X-ray detector [14, 15], and many more. Again, quantum particles viz. quantum dots
(QDs), quantum rods, etc., of such materials show very favorable optical properties
as compared to their bulk size.

In principle, the element Se-doped in an organic conducting polymer has been
used as a good X-ray imaging detector, because of the photoconductive nature of
the solid element. Again, the selenium present in an organic conductor emitted light
in the visible range when excited. In the meantime, Se is a very common trace
element found in plant materials. The plant Mimosa pudica or touch-sensitive plant
and its fibre possess electrically conducting with mechanically sensing properties.
Fortunately, the element Se is present in the above fibre, hence this electrically
conducting natural fibre (ECNF) acts as a good natural fluorescent material. Hence,
the electro-active sensing and photo-sensing nature of ECN fibre marked it a good
resource material for the fabrication of photo-detectors and organic scintillators.
However, luminescent semiconductor materials viz. CdS (Eg = 2.42 eV) and CdSe
(Eg = 1.74 eV) are useful for the fabrication of photo-detectors or scintillators due to
their fluorescence emitting capability. The bandgap energy Eg of these materials is
comparable with their absorption wavelength in the visible region, hence is suitable
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for the fabrication ofX-ray detectors [16, 17]. The efficiency of the above detector can
be further enhanced by coating the ECNfibre using high photoluminescencematerial
like CdSe-CdS nanoparticles. Hence, a thin film of CdSe-CdS quantum dots on ECN
fibre is a good model for the designing of a windowless X-ray detector based on the
photoluminescence principle. Designing highly responsive and sensitive windowless
X-ray detectors are quite a challenging task today. An innovative approach for the
designing of a windowless X-ray detector have been discussed.

2 Theory

2.1 X-Ray Theory

X-ray fibre diffraction is an important experimental technique to understand the
various phases of polymer in general and fibre in particular. Broadly, polymer
possesses two-phase, i.e., crystalline and amorphous structure. The crystalline phase
of polymers is due to the presence of micro-para crystals and lamella thickness.
Again, structure and phase investigation of the thin film of CdSe-CdS nanopar-
ticle coated ECN fibre can be analyzed by applying the X-ray diffraction technique.
Usually, the diffracted beam intensity produced by an ideal crystalline phase can be
observed only when all the diffracted beams are in phase. This fulfills the condition
for Bragg’s diffraction. Mathematically,

2d sin θ = nλ (1)

For an ideal system, the diffracted intensity for a given set of planes should be a
spike at the Bragg angle θ for these planes. At a Bragg angle θ , the path difference
between diffracted X-rays from two adjacent reflection planes is defined as

�l = 2d sin θ = nλ (2)

where d is interplanar-spacing.
If the incident beam strikes the reflection planes with a small angular deviation t

from the Braggs angle, the path difference between two neighboring planes can be
given by

�l ′ = 2d sin(θ + t) (3)

Further simplifying the Eq. (3), one can have

�l ′ = 2d (sin θ · cos t + cos θ. sin t)
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Since t is very small, i.e., t << , the value of cos t ≈ 1 and sin t ≈ t . Using these
values in the above expression gives

�l ′ = 2d sin θ + 2d t cos θ = nλ + 2d t cos θ (4)

The phase difference 2φ due to diffraction from two neighbouring planes gives

2φ = 2π �l ′

λ
= 2nπ + 4π d t cos θ

λ
(5)

and the effective phase difference is given by

2φ = 4π d t cos θ

λ
(6)

If A is the amplitude diffracted by a single lattice plane then, assuming no absorp-
tion of X-rays by the crystals, the amplitude is the same for each diffraction plane.
For crystals with N layers of reflection plane, the resulting amplitude is

AN = A sin Nφ

sin φ
(7)

However, the scattered intensity I is defined as

I = AA∗, (8)

where A∗ is the complex conjugate of A.
Again, the scattered intensity at diffraction angle 2θ for N layers of reflection

plane is

I (2θ) = A2 sin2 Nφ

sin2 φ
(9)

For diffraction angle θ , all the diffracted beams from N planes are in phase so
that the scattered intensity is

I (2θ) = N 2A2 (10)

or,

A2 = I (2θ)

N 2

Hence,
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I (2θ) = I (2θ) sin2(Nφ)

N 2 sin2 φ
(11)

I (2θ) = I (2θ) sin2(Nφ)

N 2φ2
(12)

when φ is small, sin φ ≈ ϕ.

This Eq. (12) can be solved for the condition that I = I (2θ)

2 , which is satisfied when

Nφ = 0.444π (13)

Combining Eqs. (5) and (13), we find that the value of t as t1/2 is given by

t1/2 = 0.222λ

Nd cos θ
(14)

The width at half-height of the diffraction peak, i.e., full width at half maxima
(FWHM), β0 is defined as

β0 = 4t1/2 = 0.89λ

Nd cos θ
(15)

In this equation, the Scherrer shape factor k is 0.89, and crystallite size Dhkl is
equal to Nd. This is effectively perpendicular distance through a set of N parallel
planes that are d apart.

Again, the relationship between the breadth of the diffraction peak β0 and crystal
size Dhkl is given by the Scherrer equation

Dhkl = kλ

(β0 − βi ) cos θ
= kλ

βr cos θ
(16)

where βr is the refined line broadening, k is the shape factor, β0(= FWHM) is
the line broadening and βi is the instrumental broadening. For Bragg–Brentano
geometry, instrumental broadening βi can be defined as

βi = 2�λ

λ
tan

(
2θ

2

)
+ arc tan

WR

RG
(17)

where �λ
λ

is the resolution of diffractometer (2.5 × 10−3), θ is the Bragg angle,WR

is the receiving slit width, and RG is the radius of the goniometer (say 300 mm).
Again, the helix angle ψ of the fibre can be expressed as

ψ = α cos θ (18)
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where α
(
= FWHM

2 = β0

2

)
is the average molecular disorientation or azimuth angle

of the fibre.

2.2 Electrical Theory

The transport of the electric charges in a natural conducting polymer under the
influence of an electric field has been investigated. Let us consider the electric field
(steady) applied to the polymer is E (volt/m). The field imposes an electrostatic force
F on electrons. Hence the electron would accelerate and their velocity increase with
time. However, at each inelastic collision of an electron with an ion, a steady-state
condition may grasp at a finite value of drift speed ν. The direction of ν is opposite
to that of the E. The speed at the time T between collisions is aT , where a = qE

m
is the acceleration. Since, the average speed can be expressed as v = μE, where μ

is the mobility of the electrons. The random thermal motion of the electrons affects
the steady-state drift velocity by superimposing with each other. The directed flow
of electrons establishes a current.

Let the ECN fibre of cross-section A and length L contain N electrons and an
electron takes T second to travel the total length L(meter) of the fibre, then the total
number of electrons of charge q passing through A of the polymer per unit time is
N
T . The total charge passing per unit time (second) is the current I inside the fibre,

I = Nq

T
= Nqv

L
(19)

and,

J = I

A
, (20)

where J is current density and A is the surface area of the fibre.
Using Eq. (19) in Eq. (20)

J = Nqv

L A
(21)

If n = N
LA , the electron concentration of fibre, then-current density

J = nqv = ρv (22)

where ρ is charge density, then-current density is defined by putting the value of
v (= μE) as
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J = nqv = nqμ E = σ E (23)

whereσ is the conductivity of thefibre. The electrongets energizedwhile accelerating
under the influence of the applied filled and transfer its energy to the lattice ion on
collision. So, the power has degeneratedwithin thefibremolecules. Themathematical
expression for the power density becomes:

J E = σ E2 (24)

The resistance R of a wire of fibre (annular cross-section) with length l formulated
as

R = l

σ A
(25)

where R(�), l(mm), σ (�−1 · m−1), A (= πr2)(mm2), and r (mm) are electrical
resistance of the conductor, length of the conducting fibre, electrical conductivity,
cross-sectional area, and radius of the fibre respectively. Hence, the conductivity of
the fibre can be expressed as

σ = l

R(π r2)
(26)

where r the radius of the fibre can be measured directly employing an optical or
scanning electron microscope or indirectly by laser diffraction technique.

2.3 Quantum Theory

Thephysical properties such as electrical, optical, and structural of nano-phosphorous
particles have differences compared to the existing natural phosphorous of the
micron-scale. By changing the various parameters at the nanoscale, namely the elec-
trical, optical, andmagnetic properties of nano-dimensional phosphors or simplyQDs
a new phenomenon appears due to the quantum confinement effect. The bandgap
propagation of QDs affects the physical significance of the material because the
allowable quantum state is present in the QDs of nanoparticles. Also, different effects
occur on the surface and facade due to the large surface-to-volume ratio. Nanoscale
phosphor particles and their surface interface effects enhance the luminescence effi-
ciency and reduce the scattering intensity of the emitted light photons. In terms of
X-ray conversion efficiency, QD materials are also promising materials from the
viewpoint of bandgap energy. Because the energy required to create an emitting
single electron or single-photon hole pair is at least equal to the host bandgap in the
X-ray conversion efficiency of phosphorous materials is higher for small bandgap
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materials than the large bandgap. The bandgap is dependent on the particle size in
nano-dimensional phosphors orQDs. Bymanipulating the structural orientations, the
bandgap of nano-dimensional phosphors can be tuned to produce QDmaterials with
a smaller bandgap. In a small bandgap, each X-ray photon generates more electron–
hole pairs from the nano-dimensional phosphors or QDs, compared to conventional
phosphors. Although the X-ray-induced excitation mechanism in QDmaterial is still
not very clear, charge carrier multiplication has been observed particularly using UV
radiation. The quantum gain Qgain of the phosphor is given by [18]

Gquantum = Eγ feh fQE

η Eg
(27)

where the symbol Eγ (= hγ ), feh , fQE , η, and Eg are used for the energy of X-ray
photon, fraction of electrons and holes that undergo recombination at active lumi-
nescent centers, the quantum efficiency of photon generation from excited centers,
inefficiency parameter (η ≥ 1, the energy loss of the scattered phonon), and bandgap
energy respectively.

3 Experimental

The complete experimental work consists of several important steps, starting from
the extraction of ECN fibre for the substrate to the fabrication of an X-ray sensing
detector based on a photoluminescence mechanism. Broadly the material processing
steps are as follows.

3.1 Processing of ECN Fibre

The electro conducting natural (ECN) fibre, whose main constituent is cellulose
was extracted from the stem of the Mimosa pudica plant followed by the chemical
treatmentmethod by keeping the stem in 10%NaOH solution for 1week [19]. Again,
the ECN fibre sample was collected from the treated stem by cleaning the pulps and
washing the same with tape water several times until the sample reaches the form
of neutrality. In the next stage, cellulosic-ECN fibre was obtained by sun-drying the
above samples and cut into the required length for a particular experiment purpose.
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3.2 Synthesis of CdSe-CdS Nanoparticle

The nano-dimensional phosphor and high-luminescence CdSe-CdS QDs were
synthesized by the hot-injection technique. By mixing in a triple-necked flask with
0.195 g cadmium oxide (CdO, 99.998%, Puratronic, Alfa Aesar), 2.1 g oleic acid
(OA, 90%, Sigma-Aldrich), and 3 g trioctyphosphine oxide (TOPO, 98%, Alfa-
Aesar) CdSe/CdS core QDs particles were formed. At a temperature of about 120 °C,
the reaction mixture was heated and then placed with nitrogen. Then the reaction
temperature was raised to 330 °C. Then the solution lost color, during which time
1.8 mL of trioctyphosphine (TOP, 97%, vapour) was injected. A volume of 1.8 mL
of a solution consisting of 86 nmol of CdSe core and 0.12 g of sulfur was pumped
into TOP after temperature recovery. The reaction was quenched by a sudden drop in
temperature with a water shower, retarded by infusion of 10 mL of toluene in 3 min.
Centrifuged at 3000 rpm for 12 min and dispersed in toluene, the nanocrystals were
purified by including isopropanol and methanol. The top of the nanocrystals was
cleared with the inclusion of isopropanol and methanol [18–21].

3.3 Luminescent QDs Thin Film Coating

The colloidal solution of QDs of CdSe-CdS was coated on the ECN fibre as a form of
thin film by the chemical dipping technique. Every single filament of the ECN fibre
surface was coated individually. Extra care was taken for the uniform distribution of
luminescent QDs on the surface of each filament. These coated filaments were dried
properly in a clean environment.

3.4 Fabrication of CdSe-CdS Coated ENC Fibre Plate

A rectangular shape 3 mm PVC sheet of area 20 × 15 mm2 was taken initially to
fabricate the frame of the sensing plate. Keeping a margin of 5 mm from three sides
except for one side in length-wise direction, and a slot of 10× 10 mm2 was taken out
by vanishing a margin from the preferred site. A slot with a C-shaped slot with three
sides was fabricated and properly cleaned using alcohol. Then the PVC frame was
dried. The single filament of virgin ECN fibre was carefully mounted on the above
frame using conducting silver paint. Again, the CdSe-CdS coated single filaments as
defined in the above Sect. 3.3. were carefully mounted on the second C-frame with
the help of conducting silver paint as earlier. Again, both the ends of the filament
on the frame (lengthwise arrangement of filament) in each plate were clamped with
copper tape for tight binding and further electrical circuit connection.
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Fig. 1 Schematic arrangement of in-situ X-ray-induced electrical (V ~ I) sensing experiment

3.5 X-Ray-Induced-Sensing Arrangement

X-ray-induced electrical sensing of the sensor plate was carried out in environmental
conditions at room temperature. The sensor plate was vertically arranged to strike
the MoKα1 (17.48 keV) X-ray photon perpendicular to the plane of the sensor plate.
Again, both virgin ECN fibre and CdSe-CdS NPs coated ECN fibre plates arranged
to allow the incident X-ray beam at an angle rather than 90° and shown in Fig. 1.
The schematic arrangement of the in-situ irradiation caused variation in current was
measured by changing the applied voltage. A simple electronic circuit consists of a
pico-Ammeter, millivoltmeter, commutator, etc., was attached to the sensor plate to
observe the current, voltage, and forward-reverse biasing effect respectively.

3.6 Characterization

Structural characterization of ECN fibre plate and CdSe-CdS NPs coated ECN fibre
plate was carried out using a fine focus CuKα1 line applying X-ray diffraction tech-
nique. However, the X-ray-induced electrical effect, i.e., V ~ I characteristics due to
irradiationwas performed using high fluxMoKα1 X-ray beam and a simple electronic
circuit.
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4 Results and Discussion

4.1 X-Ray Diffraction Analysis

X-ray diffraction pattern of virgin ECN fibre plate was taken applying CuKα1 charac-
teristic line (λ = 1.54046 Å) from a Bruker D8 Advance (USA) X-ray diffractometer
operated at 40 kV and 40mA. The scan speed and step size is chosen are 0.005°/s and
0.01°. The fibre diffraction pattern possesses a cellulose-II structure and is shown
in Fig. 2a. since the main component of natural fibre is cellulose (C6H10O5).The
structure of ECN fibre is monoclinic with a = 8.02 Å, b = 7.90 Å, c = 10.30 Å
and the angle γ = 83.3° [19]. The most intense (100%) reflection of the ECN fibre
is found along with the (002) plan with a d-value of 3.881 Å. The fibre shows a
high order of % crystallinity, i.e., %C (=(1-A) × 100) around 59% [19]. Various
structural parameters of the ECN fibre are tabulated in Table 1. The full width at
half maximum(FWHM), i.e., βo of individual reflection as defined in Eq. (15) is
recorded in the table. The micro-crystallite size of cellulose of each reflection was
calculated by subtracting the instrumental broadening βi from the width of the line
broadening βo. The smallest value of crystallite size Dhkl (= kλ

(β0−βi ) cos θ
) is found
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Fig. 2 X-ray fibre diffraction pattern of a virgin ECN fibre, and b thin film of CdSe-CdS
nanoparticle coated ECN fibre

Table 1 X-ray structural parameters of ECN fibre

2θ (deg.) hkl Iint(counts) dhkl (Å) βo(deg.) βr (deg.) Dhkl (Å)

15.59 101 4061 5.679 2.44 2.40 33.4

17.25 101 63,391 5.136 3.14 3.08 26.1

22.90 002 160,650 3.881 1.55 1.51 53.7

25.13 012 – 3.541 3.03 2.99 27.2

42.02 040 – 2.148 2.20 2.16 39.4
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Table 2 Orientation of virgin ECN fibre

hkl 2θ (deg.) βr (deg.) α (deg.) ψ(deg.)

101 15.59 2.40 1.20 1.209

101 17.25 3.08 1.54 1.442

002 22.90 1.51 0.76 0.760

012 25.13 2.99 1.50 1.479

040 42.02 2.16 1.08 1.027

along (101) direction, and the largest size is along (002). The instrumental broad-
ening βi is already defined in Eq. (17). Again, the average angle of macromolecular
disorientation α (=β0/2) or azimuth angle of ECN fibre was found to be small. The
helix angle ψ was computed using the relation ψ = α cos θ obtained from the
uni-axial spiral orientation condition (0° < ψ < 90°) and tabulated in Table 2. The
small value ψ indicates, the fibre having a very high order of orientation, which is a
good sign for electrical conductance.

Similarly, the X-ray diffraction pattern of CdSe-CdS NPs coated ECN fibre was
taken by fixing the same experimental parameters. Polycrystalline diffraction phases
are shown in Fig. 2b is observed due to the presence of CdSe-CdS and cellulose
materials. In this case, the maximum peak intensity was found in the case of cellulose
(002). However, several well-resolved and sharp CdSe-CdS planes viz. (100), (002),
(101), and (102)were observed.Among these planes, CdSe-CdSplan (002) possesses
the highest intensity with a d-value of 3.353 Å. Other structural parameters are given
in Table 3. The small value of α and ψ given in Table 4 indicates that the CdSe-
CdS coated ECN fibre possesses high orientation even after coating the materials.
In the case of ECN fibre, the orientation of crystallographic planes is enhanced after
coating CdSe-CdS NPs materials as compared to virgin fibre. Since, lower the value
of ψ , the orientation of fibre becomes higher. This improvement in orientation may
be due to an increase of atomic density by inserting nanoparticles of CdSe-CdS on

Table 3 X-ray structural parameters of CdSe-CdS coated ECN fibre nanoparticle

Material
phase

2θ (deg.) hkl Iint(counts) dhkl (Å) βo(deg.) βr (deg.) Dhkl (Å) D(Å)

C6H10O5 5.14 101 4151 5.847 1.80 1.76 45.66

16.64 101 4469 5.323 1.51 1.51 55.17

22.85 002 41,762 3.890 1.80 1.80 46.06

CdSe-CdS 24.98 100 1686 3.562 0.85 0.85 100.57 124

26.57 002 12,021 3.353 1.17 1.17 72.29

28.28 101 5161 3.153 1.06 1.06 80.33

39.14 042 – 2.300 2.77 2.77 30.89

43.80 101 3453 2.065 0.76 0.76 153.08
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Table 4 Orientation of CdSe-CdS nanoparticle coated ECN fibre

Material phase hkl 2θ (deg.) βr (deg.) α (deg.) ψ(deg.)

[C6H10O5] 101 15.14 1.76 0.88 0.892

101 16.64 1.51 0.76 0.742

002 22.85 1.80 0.90 0.882

[CdSe-CdS] 100 24.98 0.85 0.43 0.414

002 26.57 1.17 0.59 0.832

101 28.28 1.06 0.53 0.513

042 39.14 2.77 1.39 1.304

102 43.80 0.76 0.38 0.352

the crystal lattice of fibre. The crystallite size Dhkl of each plane was calculated by
applying refined line width βr .

The largest crystallite size was found out to be 153 Å along (101) direction and
the smallest Dhkl (=31 Å) is found along (042) direction. Since, the experimentally
observed line broadening βo as defined in Eq. (16) is the sum of instrumental broad-
ening βi , small crystallite size broadening, and strain broadening βs , so the estimated
crystallite size Dhkl even after using refined width cannot be free from the lattice
strain. However, average crystallite size D and lattice strain δ in the nano-system can
be estimated by applying the Williamson-Hall relation, i.e.,

βr cos θ = kλ

D
+ 4 δ sin θ,

as plotted in Fig. 3. In this plot, the slope of the line gives the average lattice strain δ,
and the y-intercept kλ

D
, gives out the value of average crystallite size D by applying

Fig. 3 Williamson-Hall plot
of CdSe-CdS nanoparticle
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the value of shape factor k (= 0.89), wavelength (=1.54046 Å) and by equating
with the value of y-intercept. Hence, the average crystallite size D of the CdSe-CdS
nanoparticle was estimated to be 12 nm (=124 Å).

4.2 X-Ray-Induced Sensing Analysis

The electrical characteristics of single-filament of ECNfibre have been studied at low
bias voltage ranging from10 to 36V.Thefilament start conducting at a voltage around
10 V. The V ~ I characteristics plot of the single-virgin fibre is shown in Fig. 4a.
The plot shows that the current is linearly increases with applied voltage up to 36 V
confirms a good Ohmic contact. Similarly, the V ~ I plot of CdSe-CdS NPs coated
single-filament is shown in Fig. 4b, shows an enhancement of current concerning
applied voltage. The enhancement of current for voltage in the case of CdSe-CdS
coated single-filament becomes twice as compared to the uncoated filament.

The slope �I
�V of the virgin (Fig. 4a) and CdSe-CdS coated single fibre was calcu-

lated to be 6.91 × 10–9 A/V and 1.29 × 10–8 A/V respectively. Hence, the resistance
of the filament R, which is the inverse of the slope calculated above. The resistance
of both the single filaments was found out to be 1.45 × 108 � and 7.81 × 107

� respectively. Using the above value of R in the expression for conductivity σ , as
defined in Eq. (26), obtained for both the filament was found out to be 0.37�−1 · m−1

and 0.69 �−1 · m−1respectively. This shows that the sample conductivity increases
because of the coating of quantum particles. However, the average diameter of the
ECN filament was found out to be 15.4 μm, using the relation D = mλL

w , where m
is the order of diffraction, λ is the wavelength of laser light, L is the perpendicular
distance between sample (filament) and screen, and w is the fringe width. In this
investigation, it is concluded that the Ohmic contact of the sample is excellent and
the current expanding linearly with the applied voltage.

In-situ V ~ I characteristics curve of the virgin ECN fibre plate was carried out
with and without X-ray irradiation and shown in Fig. 5. The plate shows diode
characteristics with a barrier voltage of about +10 V.In a forward bias, the current
increases linearly with voltage up to+15V. The forward saturation was observed at a
voltage +20 V. Again, the reverse barrier voltage was observed at −10 V and attains
reverse saturation at about −20 V. It is observed that there is not much variation in
both the data points, i.e., when X-ray is on or X-ray is off. The variation of current
with voltage is noted in Table 5. However, in both cases, a steady saturation was
observed in a range from ±20 to ±40 V.

Similarly, In-situ analysis of V ~ I characteristics of the CdSe-CdS coated ECN
fibre platewas carried outwith andwithoutX-ray irradiation and shown in Fig. 6. The
data points are tabulated in Table 6. The plot shows comparable diode characteristics
as in the case of virgin ECN fibre. In his case, the current to voltage ratio was found
to be improved as compared to the virgin ECN fibre plat. However, in the forward
bias, an avalanche current situation was observed after +20 V in the case of X-
ray irradiation. This indicates that the sensor plat having a good response to the
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Fig. 4 Electrical voltage ~ current (V ~ I) characteristics of single ECN fibre: a virgin and b
CdSe-CdS NPs coated

X-ray signal. In the case of reverse bias voltage around −20 V, a similar avalanche
current situation was observed. It has been noticed that the avalanche current in the
case of non-induced X-rays is more as compared to X-ray-induced data. This loss of
current converts into photo-luminescence light by interactingwith nano-phosphorous
material coated on the surface of the filament. This gives a good sign to fabricate the
windowless X-ray detector for the observation of low-energy X-rays [22–26].
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Fig. 5 X-ray-induced V ~ I characteristics of virgin ECN fibre with and without X-rays

Table 5 X-ray-induced
electrical (V ~ I) sensing of
virgin ECN fibre with and
without X-rays

Voltage (V) Current (nA) |�I |(nA)
Without X-ray
irradiation

With X-ray
irradiation

+40.18 +1574 +1567 07

+32.95 +1553 +1538 15

+23.96 +1543 +1528 15

+15.27 +1531 +1524 07

+8.84 +817 +811 06

0 0 0 0

−8.80 −815 −823 08

−15.20 −1520 −1456 64

−23.08 −1537 −1461 76

−32.92 −1543 −1466 77

−40.11 −1553 −1476 77

5 Conclusion

X-ray sensor plate was designed using NPs of photoluminescence CdSe-CdS solids
coated over single-filament of electro conducting natural (ECN) fibre. The CdSe-
CdS nanoparticle was synthesized by the hot injection cum short time processing
technique. The structure of the above quantum particle was analyzed using the X-ray
diffraction technique applying using CuKα1(8 keV) X-ray line. The small value of
the helix angleψ indicates, the fibre having a very high order of orientation, which is
a good sign for electrical conductance. The sensing plate made up of the ENC fibres
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Fig. 6 X-ray-induced V ~ I
characteristics of CdSe-CdS
nanoparticle coated ECN
fibre with and without X-rays
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Table 6 X-ray-induced
electrical (V ~ I) sensing of
CdSe-CdS nanoparticle
coated ECN fibre with and
without X-rays

Voltage (V) Current (nA) |�I |(nA)
Without X-ray
irradiation

With X-ray
irradiation

+40.97 +3314 +2237 1077

+32.71 +3307 +2228 1079

+23.96 +2236 +2217 19

+17.71 +1776 +1705 71

+8.84 +918 +834 84

0 0 0 0

−8.45 −939 −830 109

−16.93 −1760 −1743 17

−22.95 −2243 −2370 127

−32.95 −3334 −2320 1014

−40.05 −3336 −2327 1009

coated with a thin film of NPs were arranged in a 10 × 10 mm2 active area. In-situ
X-ray-induced electrical (V ~ I) characteristics of the sensing plate were carried out
using MoKα1 (17 keV) characteristics line. It has been noticed that the avalanche
current in the case of non-induced X-rays is more as compared to X-ray-induced
data. This loss of current converts into photo-luminescence light by interacting with
nano-phosphorousmaterial coated on the surface of the filament. The present study is
very interesting and useful for future development of the windowless X-ray detector
for low energy X-rays detection purposes.
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Chapter 16
Magnetism in Nanostructured Spinel
Ferrites with Recent Advances
in Processing, Characterization,
and Applications

Elangbam Chitra Devi and Shougaijam Dorendrajit Singh

1 Introduction

Spinel ferrites have received appreciable attention as an important magnetic material.
They have been extensively explored for different applications in different domains
of basic and applied sciences because of their certain desirable properties such as
magnetic properties, electrical properties, optical properties, thermal and chemical
stability. Their potential applications are also expanding to new areas like biomed-
ical applications [1, 2], wastewater treatment [3], sensor technology [4], etc. with
the progress in nanoscience and nanotechnology. Based on the Scopus database,
research works on spinel ferrites were found to be reported since 1956 along with
an exponential increase in the last 20 years which can be seen from Fig. 1.

Also according to the Scopus database, research works on spinel ferrites are found
to be investigated in different subject areas which can be seen from Fig. 2. A major
contribution comes from Material Sciences followed by Physics and Astronomy,
Engineering, Chemistry, Chemical Engineering and a minor contribution from other
fields. Although they possess certain desirable properties, most of their applica-
tions are found to have relied on their magnetic properties. Their properties are
usually tuned by using different strategies such as composition variation, processing
conditions, controlling morphologies, reducing size, adopting different preparation
methods. This signifies a need for a clear understanding of factors affecting their
properties and hence a precise control of their properties and for subjecting to certain
applications. New preparation methods with the advancement of nanotechnologies
lead toward the production of spinel ferrites into different morphologies with unique
magnetic properties. Spinel ferrites of different morphologies such as nanospheres,
microspheres, nanofibres, nanorods, nanowires, nanocomposites, core–shell struc-
tures were found to be reported by many researchers. Such a wide variety of spinel
ferrites were found to be fabricated by different routes of synthesis methods such as
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Fig. 1 Publications on spinel ferrites since 1956 based on Scopus database, searched by using
keyword “spinel ferrites” on 13th October 2020

Fig. 2 Percentage of published articles on spinel ferrites contributed from different branches of
Science and Engineering based on Scopus database, extracted on 13th October 2020
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co-precipitation, hydrothermal, sol–gel, electrospinning, thermal treatment method,
etc. Also, emerging research on multifunctional materials consisting of a combina-
tion ofmagnetic spinel ferrites and othermaterial like a luminescentmaterial is found
to be reported [5, 6]. The use ofmicrostructural characterization techniques like SEM
and TEM effectively provides their morphology which also helps in understanding
their associated magnetic properties and hence further tailoring of their properties.
This chapter gives a compilation report on research work conducted on nanostruc-
tured spinel ferrites, fundamental concepts of their magnetic properties, effects of
processing conditions, composition, and morphologies thereby emphasizing their
importance and emerging applications.

2 Magnetism in Spinel Ferrites

The unit cell of spinel ferrite (as shown in Fig. 3.) is made up of 8 formula units of
AB2O4 formed by 32 anions and 24 cations. Nearly cubic close packing of anions
offers 64 tetrahedral sites and 32 octahedral sites also called A-sites and B-sites
respectively. Only 1/8th of tetrahedral sites and 1/2 of octahedral sites are occupied
by cations. The spinel structure is categorized in the space group Fd3m.

The Bravia lattice is a face-centered cubic with a basis formed by two formula
units (2AB2O4) [7]. According to the site occupancy of the cations, they are classified
as normal, inverse, and mixed spinels. In a normal spinel, divalent ions take A-sites
while trivalent ions take B-sites. In the case of inverse spinels, divalent ions take
B-sites and trivalent ions are equally distributed between A and B-sites. Spinels
having cation distribution between these two extremes are known as mixed spinels.

Fig. 3 Spinel structure generated using Vesta
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Cation distribution in the spinels is dependent on factors such as temperature, cationic
radii, cationic charge, crystal field effects, electrostatic contribution to lattice energy
[7]. Cation distribution in spinels is not unique and for any composition of spinel,
cation distribution has resulted from an equilibrium of oxygen positional parameter,
inversion degree, and lattice constant.

Spinel ferrites have magnetic properties which are found to be greatly dependent
on the constituent cations as well as their occupancy in A and B-sites. Using this fact
or simply taking into account the magnetic moments associated with the cations and
their preference for a specific site, themagnetic properties of spinel ferrites are usually
tailored. A variety of spinel ferrites composed of transition metals and rare-earth
elements of different compositions are found to be reported, some of which are listed
inTable 1. Themagnetism in spinel ferrites is found to be originated from the negative
interaction or exchange force between the moments of the two cations on different
interstitial siteswhichdependson thedistances between themetal–oxygen-metal ions
and the angle between them [8]. In general, the interaction is found to be greatest for
an angle of 180° and the shortest inter-ionic distance. Three types of interactions are
possible namely A-B, B-B, and A-A. Owing to preferable bond angles and lengths in
the case of A-B interaction, it is the dominant exchange interaction among the three
possible interactions. But, in the case of A-A and B-B interactions, the distances
between the oxygen and metal ions are much large and the angle between the metal
and oxygen ions are too small. Thus, the magnetic interaction in spinel ferrites, in
general, comprises of strong A-B interaction with much weaker B-B interaction and
most unfavorable A-A interaction. Neel first explained the ferrimagnetism of ferrites
by considering the main negative interaction occurring between A and B-sites and
thus developed the theory of ferrimagnetism [8].

3 Materials and Method

Table 1 represents an overview of some of the research works reported in spinel
ferrites prepared through different methods and processing conditions giving rise
to different sizes and morphologies and their associated magnetic properties.
From the table, it can be found that a wide variety of methods are found to be
adopted for different types of spinel ferrites ranging from a low-temperature method
such as simple co-precipitation methods to conventional methods including high-
temperature heat treatments. Desirable magnetic properties are found to be tuned
by using a particular synthesis method or processing conditions. Apart from these,
composition variation is another factor used for tailoring their properties. Table 1
elucidates that for the varying composition of spinel ferrites and their processing
conditions, the important magnetic parameters like saturation magnetization, coer-
civity, and retentivity values are different. Spinel ferrites of different morpholo-
gies ranging from simple spherical nanoparticles to complex structures are found
to be reported. Yuan et al. [9] reported studies on CoFe2O4 microspheres which
are composed of assemblies of nanoparticles of CoFe2O4 of average sizes of 8 nm
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shown in Fig. 4. Themicrospheres of CoFe2O4 were prepared using the solvothermal
method at different reaction times resulting in the average size distribution of 200
to 330 nm along with transformation from spherical to octahedral shapes. In their
studies, 220 nm-sized CoFe2O4 microspheres composed of 8 nm nanoparticles were
found to exhibit superparamagnetism. Li et al. [10] described the preparation of
monodispersed CoFe2O4 nanoparticles using the hydrothermal method (as shown in
Fig. 5.). The prepared nanoparticles were nearly spherical shaped with a mean size
of 5.5 nm and were found to exhibit superparamagnetism at room temperature. Yang

(a)

(b)

(c)

Fig. 4 SEM (left) and TEM (right) images of CoFe2O4 microspheres prepared using solvothermal
method at different reaction time of a 12 h, b 24 h, c 36 h [9]
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Fig. 5 TEM images of
monodispersed CoFe2O4
nanoparticles prepared using
hydrothermal method [10]

et al. [11] fabricated nanorods of Fe3O4 which are shown in Fig. 6 and investigated
for hyperthermia applications. Gao et al. [12] reported studies on the directional
dependency of nanowire arrays of ZnFe2O4 having about 16 nm diameter ordered in
anodic aluminum oxide (AAO) templates that were prepared using the electrodepo-
sition method (shown in Fig. 7). Maensiri et al. [13] reported studies on nanofibres of
MgFe2O4/polyvinyl pyrrolidone (PVP) composites fabricated by themethod of elec-
trospinning. Their study shows that themorphology of the nanofibres greatly depends
on the calcination temperature. The structural transformation (which is shown in
Figs. 8. and 9) from smooth and uniform cross-section nanofibres to a structure of
packed crystallites of about 10–20 nm for 700 °C and 25–80 nm for 800 °C calcined
samples. Along with the increase in crystallinity, saturation magnetization values

Fig. 6 Images of Fe3O4 nanorods prepared using hydrothermalmethod, TEM(left), SEM(middle),
HRTEM (right), adapted from [11]
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Fig. 7 ZnFe2O4 nanowires arrays in AAO templates prepared using electrodeposition method a
SEM, b TEM, c HRTEM d SAED pattern [12]

Fig. 8 SEM images of as-spun (a), b MgFe2O4/PVP composites and calcined for 2 h in air at c
500 °C, d 600 °C, e 700 °C and f 800 °C, adapted from [13]
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Fig. 9 TEM images and
SAED pattern of
MgFe2O4/PVP composites
calcined at a 700 °C and b
800 °C for 2 h in air [13]

were also found to be enhanced with increasing calcination temperature. In addi-
tion to these, different structures namely coaxial nanobelts, Janus nanofibres, hollow
nanofibers, sandwiched structures, nanorattles, microspheres, core–shell structures
formed with other kinds of materials are also found to be reported which are being
discussed in Sect. 6.

4 Characterization of Magnetic Properties

4.1 Fundamentals of Magnetization

The fascinating and versatile applications of magnetic materials are based on their
magnetization curves or hysteresis loops. Applications of magnetic materials are
determined using the knowledge of how they respond to a magnetic field which
is represented by their hysteresis loops. It gives information about how magnetic
materials take their path when they are subjected to a magnetic field. Magnetic mate-
rials are categorized based upon the characteristics of their magnetization curves
or hysteresis loops. For instance, a paramagnetic material possesses a weak posi-
tive magnetization, showing a linear response when a field is applied. While ferro-
magnetic and ferrimagnetic types of materials show a non-linear S-shaped magne-
tization curve with a hysteresis loop. When a magnetic field is applied to ferro-
magnetic or ferrimagnetic materials, their magnetization increases until it reaches
a maximum called saturation magnetization. But when the field is decreased from
the saturation region it doesn’t return in the same path, rather takes up a new path
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retaining somemagnetization even after complete removal of the applied field which
is termed as retentivity. A field applied in opposite direction can remove the reten-
tivity and is known as coercivity. With the further increase in the applied magnetic
field along opposite direction, again saturation will be attained and after increasing
the magnetic field along the original direction up to saturation, a complete hysteresis
loop is formed. Based upon the coercivity and retentivity, they are categorized as
hard and soft magnetic materials. A soft magnetic material refers to those having
small values of coercivity and retentivity that are easy to magnetize and demagne-
tize while hard magnetic materials have the opposite case. Soft magnetic materials
are thus found to be used in electromagnets, recording heads, transformer cores,
etc. While hard magnetic materials are used in making permanent magnets, memory
devices, loudspeakers, etc. [8, 14, 15].

4.2 Theoretical Models

The phenomenon of hysteresis is understood due to the existence of spontaneously
magnetized small regions called magnetic domains in ferromagnetic and ferrimag-
netic materials [8]. In a demagnetized state, domains are randomly oriented such
that the specimen as a whole has zero magnetization but when a magnetic field is
applied, they get aligned along the field direction and hence, a net magnetization.
The process of magnetization varies in different regions consisting of three main
different regions. Starting from the beginning, the 1st region with only reversible
magnetization, the 2nd region with an additional non-reversible magnetization, and
the 3rd region with reversible magnetization. The magnetization process takes place
in two ways, one by magnetic domain wall motion that is the growth of favorably
aligned domains at the cost of unfavorably aligned domains and the other by rotation
of magnetic domains in the direction of the field applied. At the low field, magnetic
domain wall motion dominates while at high field domain rotation dominates and
the existence of both in between the two regions. Especially, the high field region of
magnetization curves is studied by different forms of the law of approach to satu-
ration. A model represents how basically the magnetization varies with the applied
field which is usually expressed proportionally to magnetic field raised with different
powers and their combinations [16, 17]. Their dependency and the constant associ-
atedwith the different field terms give information on theirmagneticmicrostructures,
the directional dependency of magnetic properties or magnetic anisotropy, magnetic
moments, etc. Increasing research work on tracing the magnetization curves using
different models are found to be reported in different types of magnetic materials
in different forms, shapes, dimensions for detailed information such as magnetic
microstructures, anisotropies, magnetic moments which are intrinsically associated
with them [17].
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5 Magnetism in Spinel Ferrite Nanoparticles and Their
Applications

Magnetic materials had become an indispensable one that covers a wide spectrum of
applications like electronic devices, industrial applications, power supply, and storage
devices, etc. [14, 15]. In addition, the emergence of nanoscience and nanotechnolo-
gies opens up entirely new scientific opportunities. Owing to its interdisciplinary
nature, many applications are being extended to different areas like remedies to
environmental problems and biomedical applications. It is found that magnetization
curves or loops are also dependent on the size of the materials resulting in variation
in the models in comparison with their bulk forms. It has been found that in the
nano regime, the magnetic materials possess the characteristics of single domain
nature which results in the phenomena of superparamagnetism and such materials
are termed as superparamagnetic materials [8, 18]. Their behavior is similar to the
paramagnetic material that is ideally no retentivity and no coercivity but possesses
a much higher magnetization. These are reflected in their magnetization curves and
detailed information on theirmagneticmicrostructures can be traced byusing suitable
models like the Langevin function [19]. Their interesting and spectacular properties
lead to new applications such as hyperthermia for cancer treatment, targeted drug
delivery, biosensing, enhanced magnetic resonance imaging, etc. thereby widening
up the applications of the magnetic materials. For instance, Yang et al. [11] demon-
strated the applicability of Fe3O4 nanorods for use as magnetic hyperthermia agents.
Nanorods of Fe3O4 were prepared by hydrothermal method using graphene oxide for
avoiding aggregation at different reaction times and post-annealing. Spinel ferrites
are also becoming an important candidate for a solution to environmental pollutions.
Adsorption based onmagnetic separation is desirable because of its effectiveness, low
cost, and simple operation process, and hence nanosized spinel ferrites are becoming
suitable candidates for adsorption.

Gao et al. [20] investigated the experiment on hollow α-Fe2O3 nanofibers for
use as a dye adsorbent. In their studies, hollow α-Fe2O3 nanofibers were synthe-
sized using a nanofiber template of polyvinyl alcohol by hydrothermal method with
calcination. Their studies reported that the α-Fe2O3 nanofibers exhibited efficient
adsorption of methyl orange present in water along with good magnetic response
performance. Zhao et al. [21] studied the adsorption capability of Gd doped Co-
ferrites for Congo- red for varying composition of Gd3+. Due to the great surface-to-
volume ratio, nano-sized particles exhibit enhanced photocatalytic activity. Ali and
Mostafa [22] investigated the photocatalytic activity of Mn-ferrites, Mn-Zn-ferrites,
and Mn-Cd-ferrites in reduction of Cr(VI) to Cr(III). Madhubala et al. [23] studied
the photocatalytic degradation of dye like methylene blue using Mn-Ni ferrites of
15–20 nm crystallites. Ahalya et al. [24] reported the applicability of Mn-Co-ferrites
as adsorbents of Cr(VI). Their results showed the effective adsorption of the heavy
metal using spinel ferrites as well as the possibility of reuse of the adsorbent and the
heavy metal. Moreover, by combining their properties with other materials in desir-
able morphologies, new applications in different areas have been reported which are
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being discussed in Sect. 6. Better understanding leads to the development of new
tricks in expanding their applications. Thus, it can be said that the scenario for the
application of magnetic materials is expanding because of more understanding of
their behavior.

6 Hybrid-Structured with Other Materials and Their
Applications

Apart from the above-discussed applications, magnetic materials are also becoming
an important component in multifunctional materials. As magnetic materials can
be simply controlled with a magnetic field applied externally, they are also used
as an important component in multifunctional materials, vehicles for drug delivery
in specific sites inside the human body, and many others. Bifunctional magnetic
and luminescent materials are reported to be investigated in biomedical applica-
tions such as transporters for drug delivery, agents for MRI, hyperthermia, etc. using
simultaneously themagnetic and the luminescent property as the control and tracking
respectively. A core–shell structured material comprising of a magnetic core with a
luminescent shell occupies an important place in such a class of hybrid-structured
materials. For instance, Sun et al. [80] reported multifunctional properties of CdTe
quantum dots linked with silica-coated Fe3O4 nanoparticles having superparamag-
netic properties and their potential applications as immune-labeling with fluores-
cent imaging of tumor cells. By integrating the magnetic and fluorescent properties
into single nanostructured composites their potential applicability as simultaneous
targeted drug delivery and bioimaging were investigated. Their studies found that
the prepared nanocomposites can be magnetically guided for the delivery of drugs
and at the same time their fluorescent property enabled the optical imaging of the
nanocomposites and hence with the feasibility of their optical tracing. Atabaev et al.
[81] reported fabrication and characterization of bifunctional composites comprising
of magnetic Fe3O4 particles coated with luminescent Y2O3:Tb3+ shell. The average
size of about 306 to 330 nm magnetic core covered with a phosphor shell of a
thickness of about 25 nm was found to exhibit desirable magnetic and luminescent
properties suggesting ease for magnetic targeting and separation as well which may
find applications in biomedical and bioanalytical applications. Liu et al. [5] investi-
gated bifunctional properties of core–shell Fe3O4-CdSe nanoparticles prepared by a
polyol process. Magnetic Fe3O4 core of about 10 nm diameter covered with CdSe
luminescent shell of about 2 nm thicknesses. Sun et al. [82] reported the fabrication
of hybrid materials consisting of Fe3O4 nanoparticles encapsulated with SiO2 and
functionalized by YVO4:Eu3+ phosphors. The prepared nanocomposites were found
to exhibit good ferrimagnetic behavior with a strong red emission. Shi et al. [6]
prepared and investigated bifunctional properties of Fe3O4@C/YVO4:Sm3+ micro-
spheres synthesized by hydrothermal combined with the sol–gel method. In their
work, the carbon layer was used to protect Fe3O4 particles from oxidation and
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protect the lanthanide-based luminescent shell from quenching of luminescence
due to Fe3O4. Strong red–orange emission and good ferrimagnetic behavior were
observed in their composites. Zhang et al. [83] conducted the studies on nanorattles
composed of SiO2 coated Fe3O4 covered with luminescent shells of α-NaYF/Yb,
Er which was fabricated using an ion-exchange route for application in targeted
chemotherapy. The mesoporous composites were found to possess both upconver-
sion luminescent and magnetic properties along with a high capacity for loading
drugs, low cytotoxicity, and excellent cell imaging properties. Yang et al. [84] also
reported similar sandwich structured materials having magnetic, mesoporous and
luminescent properties. Microspheres of Fe3O4 encapsulated with silica and func-
tionalized through YVO4:Eu3+ phosphor deposition which was prepared using a
combination of hydrothermal and sol–gel method with heat treatment. The resulted
composites were found to possess ordered hexagonal mesoporous, good luminescent
properties and high magnetization values and were proposed for using as potential
candidates for drug delivery system.

Also, core–shell structures with Fe3O4 as cores and other luminescent shells such
as YVO4:Eu3+ [85] and Gd2O3:Eu3+ composites [86] having good magnetic and
luminescent properties are also reported. Apart from the core–shell structures, other
forms of composites are also found. For instance, Huarac et al. [87] prepared the
composites of magnetic Fe2O3 and luminescent ZnS: Mn nanoparticles prepared
by the co-precipitation method. Highly crystalline two phases were found to co-
exist in XRD studies and the clusters of nanoparticles of Fe3O4 and ZnS: Mn
existed side by side from HRTEM studies. In addition to these, nanofibre compos-
ites of different types such as core–shell nanofibers, nanobelts, Janus nanofibres
are also reported. For instance, using the electrospinning method, flexible hollow
nanofibers of Fe3O4/Eu(BA)3 phen/PVP [88] and core–shell nanofibres composites
of Fe3O4/PVP@NaYF4:Yb3+, Er3+/PVP [89] having bifunctional properties were
fabricated. Xue et al. [90] reported the fabrication of coaxial nanobelts with tunable
bifunctional properties ofmagnetic and luminescent properties. The compositeswere
composed of the magnetic core of CoFe2O4/polymethyl methacrylate (PMMA) and
photoluminescent shells of [Tb(BA)3(phen)+ Eu(BA)3 (phen)]/PMMA synthesized
by the electrospinning method. Zhou et al. [91] investigated bifunctional magnetic
and luminescent properties of double-stranded nanofibers called Janus nanofibers
fabricated by the electrospinning method. A Janus nanofiber is composed of side-
by-side assembled two strands of nanofibers, one possessing magnetic properties
and the other one having luminescent properties. It was found that they have supe-
rior luminescent and magnetic properties owing to their special nanostructures and
tunable colors based on their composition. Their work demonstrated an approach
for the preparation of composites of controlled and tunable luminescent properties,
expected to find applications in magnetic nano-bio-label and anti-counterfeit mate-
rials, etc. Thus, nanocomposites having combined properties such as magnetically
responsive and luminescent properties with different morphologies were proposed to
find applications in biomedical applications like drug delivery, targeting on specific
sites, bio-separation, and diagnostic applications.
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7 Conclusion

To conclude, it can be summarized that the ever-increasing research work on spinel
ferrites and their applications in different fields can be observed with the exposure
of nanoscience. A variety of compositions of spinel ferrites in different morpholo-
gies were fabricated and investigated through different experimental approaches of
nanotechnology. Spinel ferrites of different types, compositions, and their compos-
ites of different morphologies were found to be fabricated by different routes of
synthesis such as co-precipitation, auto combustion, sol–gel, thermal decomposition,
microemulsion, hydrothermal, solvothermal method, and electrospinningmethod. In
addition to their composition, their properties also depend on a particular method,
specific processing conditions, and morphologies. Spinel ferrites of desirable nanos-
tructured morphologies have been able to realize using advanced techniques in fabri-
cation and microscopy at nano levels. These advanced nanostructured materials on
the other hand lead towardnewemerging applicationswhich extend tomanymultidis-
ciplinary areas such as dye degradation, adsorption of heavy metals, drug delivery,
hyperthermia applications. Nanoscience and nanotechnology also lead toward the
development of hybrid-structured materials possessing bifunctional properties. As
a magnetic component in bifunctional materials, Fe3O4 has been reported to be
successfully used by many researchers. So, it is desirable to extend the investiga-
tion also to other varieties of spinel ferrites. Moreover, the development of advanced
bifunctional materials could lead toward device miniaturization, designing of cost-
effective and energy-efficient devices, etc. The combination of magnetic materials
with other different properties will open up new exciting applications in addition to
the improvement in the existing applications.
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and magnetic properties of Zn doped NiFe2O4 nanoparticles synthesized by PEG-assisted
hydrothermal route. J Alloys Compd 479:49–55

55. Amiri M, Pardakhti A, Ahmadi-zeidabadi M, Akbari A (2018) Colloids and surfaces B: bioin-
terfaces magnetic nickel ferrite nanoparticles: green synthesis by Urtica and therapeutic effect
of frequency magnetic field on creating cytotoxic response in neural cell lines. Colloids Surf
B Biointerfaces 172:244–253

56. Moradmard H, Shayesteh SF, Tohidi P, Abbas Z, Khaleghi M (2015) Structural, magnetic
and dielectric properties of magnesium doped nickel ferrite nanoparticles. J Alloys Compd
650:116–122

57. Nadeem K, Rahman S, Mumtaz M (2015) Effect of annealing on properties of Mg doped
Zn-ferrite nanoparticles. Prog Nat Sci Mater Int 25:111–116

58. Meidanchi A, Motamed A (2020) Preparation, characterization and in vitro evaluation of
magnesium ferrite superparamagnetic nanoparticles as a novel radiosensitizer of breast cancer
cells. Ceram Int 46:17577–17583

59. Abu-Elsaad NI, Nawara AS, Mazen SA (2020) Synthesis, structural characterization, and
magnetic properties of Ni–Zn nanoferrites substituted with different metal ions (Mn2+, Co2+,
and Cu2+). J Phys Chem Solids 146:109620

60. Nikmanesh H, Eshraghi M, Karimi S (2019) Cation distribution, magnetic and structural prop-
erties of CoCrxFe2-xO4: effect of calcination temperature and chromium substitution. J Magn
Magn Mater 471:294–303

61. Ghazi N, Mahmoudi CH, Ghodsi FE (2018) Rietveld refinement, morphology analysis, optical
and magnetic properties of magnesium-zinc ferrite nanofibers. J Magn Magn Mater 468:132–
140

62. AkhtarMN,KhanAA,AkhtarMN,AhmadM,KhanMA (2019) Structural rietveld refinement,
morphological and magnetic features of Cu doped Co–]Ce nanocrystalline ferrites for high
frequency applications. Phys B Condens Matter 561:121–131

63. Sharma R, Thakur P, Kumar M, Thakur N, Negi NS, Sharma P, Sharma V (2016) Improvement
inmagnetic behaviour of cobalt dopedmagnesium zinc nano-ferrites via co-precipitation route.
J Alloys Compd 684:569–581



16 Magnetism in Nanostructured Spinel Ferrites with Recent Advances … 341

64. Chauhan L, Singh N, Dhar A, Kumar H, Kumar S, Sreenivas K (2017) Structural and elec-
trical properties of Dy3+ substituted NiFe2O4 ceramics prepared from powders derived by
combustion method. Ceram Int 53:8378–8390

65. Tiwari R, De M, Tewari HS, Ghoshal SK (2020) Structural and magnetic properties of tailored
NiFe2O4 nanostructures synthesized using auto-combustion method. Results Phys 16:102916

66. Mugutkar AB, Gore SK, Tumberphale UB, Jadhav VV, Mane RS, Patange SM, Shirsath SE,
Jadhav SS (2020) Role of composition and grain size in controlling the structure sensitive
magnetic properties of Sm3+ substituted nanocrystallineCo-Zn ferrites. J RareEarths 38:1069–
1075

67. Akhtar MN, Babar M, Qamar S, Rehman Z, Khan MA (2019) Structural Rietveld refinement
and magnetic features of prosademium (Pr) doped Cu nanocrystalline spinel ferrites. Ceram
Int 45:10187–10195

68. Chakrabarty S, Dutta A, Pal M (2018) Effect of yttrium doping on structure, magnetic and
electrical properties of nanocrystalline cobalt ferrite. J Magn Magn Mater 461:69–75

69. Ramakrishna KS, Srinivas C, Meena SS, Tirupanyam BV, Bhatt P, Yusuf SM, Prajapat CL,
Potukuchi DM, Sastry DL (2017) Investigation of cation distribution and magnetocrystalline
anisotropy of NixCu0.1Zn0.9−xFe2O4 nanoferrites: role of constant mole percent of Cu2+
dopant in place of Zn2+. Ceram Int 43:7984–7991

70. Mahdikhah V, Ataie A, Babaei A, Sheibani S, Yang CWO, Abkenar SK (2019) Control of
structural and magnetic characteristics of cobalt ferrite by post-calcination mechanical milling.
J Phys Chem Solids 134:286–294

71. Hashim M, Raghasudha M, Meena SS, Shah J, Shirsath SE, Kumar S, Ravinder D, Bhatt P,
Alimuddin KR, Kotnala RK (2018) Influence of rare earth ion doping (Ce and Dy) on electrical
and magnetic properties of cobalt ferrites. J Magn Magn Mater 449:319–327

72. Samadi MS, Shokrollahi H, Zamanian A (2018) The magnetic-field-assisted synthesis of
the Co-ferrite nanoparticles via reverse co-precipitation and their magnetic and structural
properties. Mater Chem Phys 215:355–359

73. Torkian S, Ghasemi A, Shoja RR (2017) Cation distribution andmagnetic analysis of wideband
microwave absorptive CoxNi1−xFe2O4 ferrites. Ceram Int 43:6987–6995

74. Yadav SP, Shinde SS, Bhatt P, Meena SS, Rajpure KY (2015) Distribution of cations in
Co1-xMnxFe2O4 using XRD, magnetization and Mössbauer spectroscopy. J Alloys Compd
646:550–556

75. Devi EC, Soibam I (2017) Effect of Zn doping on the structural, electrical and magnetic
properties of MnFe2O4 nanoparticles. Indian J Phys 91:861–867

76. Devi EC, Soibam I (2019) Magnetic properties and law of approach to saturation in Mn-Ni
mixed nanoferrites. J Alloys Compd 772:920–924

77. Devi EC, Soibam I (2019) Tuning the magnetic properties of a ferrimagnet. J Magn Magn
Mater 469:587–592

78. Patange SM, Shirsath SE, Jadhav SS, Jadhav KM (2012) Cation distribution study of nanocrys-
tallineNiFe 2-xCrxO4 ferrite byXRD,magnetization andMössbauer spectroscopy. Phys Status
Solidi Appl Mater Sci 209:347–352

79. Almessiere MA, Slimani Y, Kurtan U, Guner S, Sertkol M, Shirsath SE, Akhtar S, Baykal
A, Ercan I (2019) Structural, magnetic, optical properties and cation distribution of nanosized
Co0.7Zn0.3TmxFe2−xO4 (0.0≤ x≤ 0.04) spinel ferrites synthesized by ultrasonic irradiation.
Ultrason Sonochem 58:104638

80. Sun P, Zhang H, Liu C, Fang J, WangM, Chen J, Zhang J, Mao C, Xu S (2010) Preparation and
characterization of Fe3O4/CdTe magnetic/fluorescent nanocomposites and their applications
in immuno-labeling and fluorescent imaging of cancer cells. Langmuir 26:1278–1284

81. AtabaevTS,KimHK,HwangYH (2013) Fabrication of bifunctional core-shell Fe3O4particles
coated with ultrathin phosphor layer. Nanoscale Res Lett 8:357

82. Sun Z, Liu D, Tong L, Shi J, Yang X, Yu L, Tao Y, Yang H (2011) Synthesis and properties of
magnetic and luminescent Fe3O 4/SiO2/YVO4:Eu3+ nanocomposites. Solid State Sci 13:361–
365



342 E. C. Devi et al.

83. Zhang F, Braun GB, Pallaoro A, Zhang Y, Shi Y, Cui D, Moskovits M, Zhao D, Stucky
GD (2012) Mesoporous multifunctional upconversion luminescent and magnetic “Nanorattle”
materials for targeted chemotherapy. Nano Lett 12:61–67

84. Yang P, Quan Z, Hou Z, Li C, Kang X, Cheng Z, Lin J (2009) A magnetic, luminescent and
mesoporous core-shell structured composite material as drug carrier. Biomaterials 30:4786–
4795

85. Peng H, Liu G, Dong X, Wang J, Xu J, Yu W (2011) Preparation and characteristics of
Fe3O4@YVO 4:Eu3+ bifunctional magnetic-luminescent nanocomposites. J Alloys Compd
509:6930–6934

86. Peng H, Cui B, Li L, Wang Y (2012) A simple approach for the synthesis of bifunctional Fe
3O 4@Gd 2O 3: Eu 3+ core-shell nanocomposites. J Alloys Compd 531:30–33

87. Beltran-Huarac J, Guinel MJF, Weiner BR, Morell G (2013) Bifunctional Fe3O4/ZnS: Mn
composite nanoparticles. Mater Lett 98:108–111

88. YuW, Ma Q, Li X, Dong X, Wang J, Liu G (2014) One-pot coaxial electrospinning fabrication
and properties of magnetic-luminescent bifunctional flexible hollow nanofibers. Mater Lett
120:126–129

89. Ma Q, Wang J, Dong X, Yu W, Liu G (2014) Electrospinning fabrication and characterization
of magnetic-upconversion fluorescent bifunctional core-shell nanofibers. J Nanoparticle Res
16:2239

90. Xue H, Sun X, Bi J, Wang T, Han J, Ma Q, Han L, Dong X (2015) Facile electrospinning
construction and characteristics of coaxial nanobelts with simultaneously tunable magnetism
and color-tuned photoluminescence bifunctionality. J Mater Sci Mater Electron 26:8774–8783

91. Zhou X, Ma Q, Yu W, Wang T, Dong X, Wang J, Liu G (2015) Magnetism and white-
light-emission bifunctionality simultaneously assembled into flexible Janus nanofiber via
electrospinning. J Mater Sci 50:7884–7895



Chapter 17
Lead-Free Piezoelectric Nanostructures
and Their Applications

Huidrom Surjalata Devi and Mamata Maisnam

1 Introduction

When mechanical stress is applied to some materials, they produced electricity. This
is referred to as the piezoelectric effect. This stress can be generated by striking or
bending the material just enough to deform the crystal lattice without breaking it.
The phenomenon often occurs in the opposite direction, with the substance mildly
deforming when a small electric current is applied. Piezoelectricity was found more
than a century ago and has many uses today. It is used in electronic clocks, gas ovens,
inkjet printers, and a variety of other devices. It is also used in scientific instruments,
such as microscopes, that require extremely precise movements. The highest piezo-
electric mechanical responses now exist in lead-based perovskite materials, such as
Pb(Zr, Ti)O3 (PZT). Lead found in cosmetics, paints, or soldering materials has been
eliminated in commercial products via a growing legislative and moral campaign.
There is also a need for more eco-friendly lead-free nanomaterials owing to the lack
of acceptable substitutes for lead toxicity and anticipated further restrictions on the
use of lead-based piezoelectric nanofillers. This study trend has also developed into
nanoscience and nanotechnology, because of the breakthroughs.

In the present chapter, recent progress and development on the synthesis and
application of the lead-free piezoelectric nanostructure either in individual particles
or hybrid composite materials are discussed. The material presented in this chapter
gives an in-depth look into lead-free piezoelectric nanostructures and associated
energy harvesting systems.
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2 Origin of the Piezoelectric Effect

Pierre and Jacques Curie discovered piezoelectric materials in 1880. Hundreds of
piezoelectricmaterials are naturally occurring. Piezoelectricmaterials such as quartz,
Rochelle salts, topaz, and cane sugar are naturally occurring ones. It is critical to
understand the crystal structures of piezoelectric materials as well as the physics
underlying how the piezopotential is formed in piezoelectric materials. When we
apply mechanical pressure, they become polarized, and when we provide voltage,
the material deforms. However, only specific materials have this feature. The crystal
structuremust have no center of symmetry to demonstrate this characteristic. Figure 1
shows an example of a hexagonal crystal structure developing piezopotential under
mechanical stress. As shown in Fig. 1a, when we draw a line in any direction, the
charge that remains there is not equal to the charge that remains in the opposite direc-
tion to the line at equal distance. It is important to note, however, that before any
mechanical stress is applied to deform the structure, the net positive charge center,
and the negative charge center, coincide with each other. The net charge center of
the positive and negative charges is located at point “O.” When mechanical stress is
applied along the Y-axis, the negative charge center and the positive charge center
no longer coincide due to the change in the respective positions of the positive and
negative charges along the deformed direction, resulting in a polarization along the
direction of the applied force. When the force is applied along the X-axis, the polar-
ization is along the Y-axis, as shown in Fig. 1c. Therefore, it is possible to produce
polarization in another direction when the applied force is in another direction. The
linear relation between the applied stress, Tj, and polarization, Pi, is given as

Pi = di j Tj (1)

where dij is the piezoelectric coefficient, “i” and “j”s represent the directions. Simi-
larly, when we apply an electric field Ei, the deformation produced in the material

Fig. 1 A hexagonal crystal structure in three different states—a with no stress b stress on Y-axis,
and c stress on X-axis. Due to the stress applied either in Y-axis or X-axis, polarization is developed.
Reproduced from [1], copyright © Creative Commons Attribution License 4.0
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Sj is related as

Sj = di j Ei (2)

The maximum piezoelectric coefficient (d= 480 pm/V) is found in lead zirconate
titanate (PZT). However, as it contains Pb+, which is toxic to the environment,
researchers have been looking for many lead-free piezoceramics, which include
BaTiO3, BaNiTiO3, KNaNbO3 (KNN), etc.

3 Lead-Free Piezoelectric Materials

The zero-dimensional, one-dimensional, and two-dimensional piezoelectric nanos-
tructures are classified according to their configuration and dimensions [2]. The
categories of piezoelectric nanostructure are as follows: nanoparticles, nanocubes,
nanowires, nanorods, nanofibers, and nanotubes are in OD PNs; 1D piezoelectric
nanostructures comprise nanowires, nanorods, nanofibers, and nanotubes; and 2D
PNs include nanoplates and nanofilms.

According to the arrangement of the crystal lattice, the lead-free piezoelectric
nanostructures may be roughly categorized into two main categories: (i) perovskite
structure and (ii) wurtzite structure. However, there is recent progress in 2D structural
material-based piezoelectric nanostructure whose crystal structure is quite different
from both perovskite and wurtzite structures. In the subsequent section, the above
three categories of piezoelectric nanostructures are discussed.

3.1 Perovskite Structure Piezoelectric Nanostructures

A perovskite is any substance that has a crystal structure that is comparable to the
mineral perovskite, which is composed of calcium titanium oxide (CaTiO3). The
most common perovskite structure is the ABX3 formula. A and B are two distinct
cations, while X is an anion (most often an oxygen atom). The illustration Fig. 2a
shows a lattice with the A-site ions located at the vertices, while the B-site ions are
placed in the center of the lattice, and the oxygen ions are placed at the facial or
face centers. Due to the crystalline structure of a perovskite exhibiting perfect cubic
symmetry, piezoelectricity is not seen, however, deformed structures with non-cubic
symmetries may possess piezoelectric property. When considering the structures
of perovskite crystals in Fig. 2b, they may move their B-site ions from the cubic
body center, which results in a non-centrosymmetric form.Without this deformation,
the piezoelectric property cannot be found. In comparison to the research on other
perovskite materials, the work on perovskite oxides (ABO3) is greatly progressed.

ABO3 is classified into three types: AIBVO3, AIIBIVO3, and AIIIBIIIO3. The
valence state of the respective cations is represented by the superscript Roman
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Fig. 2 ABO3 perovskite structure in a cubic and b tetragonal phases with polarization variations
shown in stereoscopic detail. Reproduced with permission [3], copyright © 2016, Elsevier Ltd

numerals. One of the many promising and environmentally friendly lead-free piezo-
electric ceramic materials that can be found inside the AIBVO3 perovskite system is
(K, Na)NbO3. And among the members of the AIIBIVO3 group, BaTiO3 is the most
important material. It is also commonly utilized in constructing multilayer super-
capacitors due to its excellent dielectric property. Other things being equal, group
AIIIBIIIO3 members include materials like BFO, which are widely regarded multi-
ferroics capable of providing lead-free piezoelectricity in high-temperature applica-
tions. The scanning electron microscopy images shown in Fig. 3 reveal the nanorod
and nanocube structure of NaNbO3 which was prepared by the hydrothermal method
[4].

3.2 Wurtzite Structure Piezoelectric Nanostructures

ZnO, GaN, InN, and ZnS are some of the wurtzite structure piezoelectric materials.
Among them, ZnO is the widely used piezoelectric material. The piezoelectric prop-
erty in the wurtzite structure originates from their non-centrosymmetric structure
in the crystal structure. Considering the structure illustrated in Fig. 4, where Zn2+

and O−2 are stacked one on top of the other. When presented in their intact form,
the cation and anion charge centers coincide with one another. When an external
force is applied to it, the structure will distort (either compressed or elongated). An
electric dipole forms and a piezopotential is generated because the charge centers of
the cations and anions are maintained apart.
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Fig. 3 SEM and TEM images of a–bNaNbO3 nanorods and c–dNaNbO3 nanocubes. Reproduced
with permission [4], copyright © 2011, American Chemical Society

3.3 2-D Piezoelectric Nanostructure

Two-dimensional monolayer transition metal dichalcogenides (TMDCs) and modi-
fied graphene are the three generalized piezoelectric 2D nanomaterials. Crystal-
lographic sheets in the in-plane direction (i.e., 2D crystallographic sheets that are
non-centrosymmetric and lack inversion symmetry) make 2D piezoelectric materials
possible.

Duerloo et al. [6] have shown that monolayer h-BN, MoS2, MoSe2, MoTe2, WS2,
WSe2, and WTe2 have high piezoelectric coupling based on their density functional
theory calculations (Fig. 5).
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Fig. 4 a The Wurtzite
structure of ZnO.
Reproduced from [5],
copyright © public domain

Fig. 5 a Boron nitride (h-BN) and b trigonal prismatic molybdenum disulfide monolayer top view
geometry, where red-, blue-, silver-, and yellow-colored balls represent B, N, Mo, and S atoms,
respectively. cAview from the side of the atomically thin h-BNmonolayer. dOut-of-plane structure
of the 2H-MoS2 monolayer as seen from the side. Reproduced with permission [6], copyright ©
2012, American Chemical Society

4 Preparation of Piezoelectric Nanostructures

The techniques for nanostructure synthesis may be categorized as “top-down” and
“bottom-up.” Top-down methods, which include nanolithography, etching, milling,
and probe-based technologies, are more often used in downsizing large structures.
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Although synthesis of nanostructures by means of a top-down approach, such as
lithography, may synthesize them to the specified size and reproduce it many times,
their high cost and application to certainmaterials limit their usage.On the other hand,
in terms of diversity of materials, cost, and high-volume manufacture, a process of
chemical synthesis may give an alternative approach to making piezoelectric nanos-
tructures. Several manufacturing techniques have been proposed for nanoparticles
with piezoelectric properties, including, for example, hydrothermal, solid-state reac-
tion, sol–gel, electrospinning,molten salt reaction. The adjustment of reaction param-
eters differs based on the conventional manufacturing methods. The nanostructure
size is subject to change depending on reaction time, temperature, raw ingredients,
pH value, and template type. Some of the important methods which are commonly
employed for the synthesis of the lead-free piezoelectric nanostructures are discussed
in the consequent subsections.

4.1 Hydrothermal Method

The hydrothermal method is a process for creating nanostructured materials in which
an aqueous solution is utilized as a reaction system that is enclosed inside a vessel
to generate high temperature and high pressure. Materials can dissolve and then
crystallize, which is impossible at normal temperatures and pressures. The primary
processes of crystalline development include the processes in which the reactants are
first dissolved into the aqueous solution to produce either ions or molecular groups;
the second stage entails transporting these ions or molecules to an area of the solution
with lower temperature. Because the ions/molecules move to the colder zone, the
solution becomes supersaturated, resulting in the production of seed crystals [7]. As a
result, the reaction system is experiencing adsorption, decomposition, and desorption
activities all at the same time. Finally, the dissolved substances solidify. The tempera-
ture and pressure inside the reaction system have a large influence on themorphology
of the crystallized materials. For the experimental synthesis of nanostructured mate-
rials, the solution is placed in a Teflon beaker and sealed inside a stainless-steel jacket
(autoclave), as shown in Fig. 6, to contain the high pressure generated during the
reaction. To maintain the temperature, the entire system is placed inside an oven.

Using the hydrothermal method, various lead-free piezoelectric nanostructures
can be synthesized. It can even be used to grow vertically oriented nanostructures.
One of the most commonly used materials which can be easily grown using the
hydrothermal method is ZnO. Xu et al. [9] have shown that ZnO NW arrays may
grow on any substrate so long as the surface is flat (polymer, glass, semiconductor,
metal, and more). Zinc nitrate and hexamethylenetetramine (HMTA) were combined
at a ratio of one-to-one. This is an inventive, low-cost, time-efficient, and scalableway
for synthesizing ZnO NW arrays for a variety of purposes, including field emission,
vertical field-effect transistor arrays, nanogenerators, and nano piezotronics. In a
work by L. Vayssieres, he demonstrated the growth of ZnO nanorod arrays from zinc
nitrate hexahydrate (Zn(NO3)2.6H2O) and methenamine (C6H12N4) [10]. He has
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Fig. 6 An illustrative
schematic design of an
autoclave lined with Teflon
for use in the hydrothermal
technique. Reproduced from
[8]

shown that a non-template, non-surfactant aqueous synthesis of advancedmetal oxide
thin films is capable of producing films with controlled complexity and cheap cost
at large scales, as well as at low temperatures. Figure 7 shows ZnO nanorods grown
over a plastic substrate which was synthesized from Zn(NO3)2 aqueous solution
using hydrothermal-electrochemical method [11].

Fig. 7 ZnO nanorods synthesized by hydrothermal-electrochemical method, which are grown over
a flexible substrate as shown in the upper inset. The lower inset shows the photoluminescence
emission spectra. Reproduced with permission [11], copyright © 2009, American Chemical Society
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Fig. 8 TEM pictures of a pure ZnO and b ZnO which is doped with 15% manganese. Reproduced
with permission [12], copyright © 2016, Elsevier Ltd

4.2 Sol–Gel Method

Sol–gel polymerization is the method by which a molecular precursor under-
goes polycondensation processes in a liquid. After the solution of precursors is
hydrolyzed, a colloidal suspension is formed, which is subsequently made into a
gel by aggregation. Crystallization processes need calcination at high temperatures.

The Zn1-xMnxO (x = 0.00, 0.05, 0.10, and 0.15) has been fabricated by Mote
et al. [12]. Zinc acetate dihydrate, Manganese acetate, and analytical reagent grade
N-dimethylformamide (DMF) were used in the absence of any further treatment to
form the precursor materials. Figure 8a, b illustrates the synthesis of the generated
pure ZnO, as well as a doped form with Mn.

4.3 Solid-State Method

Ferroelectric powderswith excellent particle shapes canbe synthesized via solid-state
reaction pathways from oxides and carbonates. Solid-state reaction synthesis has the
added benefit of being both cost-effective and simple to implement. As a result, this
approach is particularly attractive for technical applications. The solid-state reaction
technique is amethod of high-temperature synthesis. At room temperature, the solids
do not naturally react with each other and must be heated to a considerably higher
temperature. The feasibility and pace of the solid-state reaction are determined by
various elements, including reaction circumstances, reactant structural features, solid
surface area, reactivity, and thermodynamic free energy. The initial components in a
typical synthesis technique are oxide precursors. Using an agate mortar and pestle,
the needed amount of chemicals is weighed and pounded to a fine powder. During the
mixing process, the reaction begins spontaneously, accompanied by the production of
heat andwater vapour. Acetone, ethanol or water, etc. are sometimes used as amixing
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Fig. 9 FESEM images of (K0.44+xNa0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3 powders: a x = − 0.06, b
x = 0.00 and c x = 0.04. Reproduced with permission [13], copyright © 2010, Elsevier Ltd

medium to achieve a uniformmixture. The ground sample is put in alumina/platinum
crucibles and heated to a high temperature for a specific amount of time.

Following a solid-state reaction approach, Rubio-Marcos et al. [13] synthesized
(K,Na,Li)(Nb,Ta,Sb)O3. Before combining the components, the separate carbonate
and oxide rawmaterials weremilled to improve particle size. The fabricated nanopar-
ticle is of size ranging from 50 to 200 nm. Figure 9a–c shows the synthesized modi-
fiedKNNpowders. Amirkhanlou et al. [14] synthesized nanocrystalline/nanoparticle
ZnO utilizing a high-intensity ball milling technique. As a startingmaterial, commer-
cially obtainable ZnO powder particles with a purity of 99.9% and an average particle
size of roughly 8 mm were employed. A high-energy planetary ball mill equipment
was used for ball milling at various milling periods. They even got ZnO powder
particles with crystallite sizes of 15 nm and particle sizes of around 60 nm.

4.4 Molten Salt Reaction

One such prospective technology that can be extensively applied by researchers in
various domains is the molten salt synthesis (MSS) technique. This is only one of
several innovative and cutting-edge technologies that might benefit researchers in a
wide range of disciplines. To make sure the combination reaches the melting point of
the salt, a low-melting-point salt is added to the reactants. In other words, the solvent
is molten salt.

To date, the gram-scale and environmentally friendly molten salt synthesis
approach with repeatable shape control and no surfactant use have allowed for the
simple and efficient fabrication of several oxides, such as niobates, titanates, ferrites,
and cobalt oxide nanostructures, among others.

Xue et al. [15] synthesized BaTiO3 powders using the molten salt synthesis
technique. They have shown that the molar ratio of NaCl to KCl, as well as the
calcination temperature, impact the particle size of BaTiO3. Figure 10 shows the
synthesized BaTiO3, which is found to have a melting point of about 620 °C.
0.948K0.5Na0.5NbO3–0.052LiSbO3 powder and NaNbO3 were also synthesized by
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Fig. 10 SEM images of BaTiO3 nanostructures prepared molten salt synthesis technique which is
calcined at different temperatures a 700 °C, b 800 °C, c 900 °C, and d 1000 °C. Reproduced with
permission [15], copyright © 2017, Elsevier Ltd

the molten salt reaction technique in the respective works by Phatungthane et al. [16]
and Ge et al. [17].

5 Applications

Piezoelectric nanostructures have become rather popular for sensing and harvesting
energy. The benefit of piezoelectric devices over other mechanical energy harvesting
devices is that the other devices are incompatible with changes in humidity and are
subject to mechanical abrasion, as well as an encapsulating issue. This explains why
there has been an increased interest in piezoelectric energy harvesters over the past
decade, which are capable of harvesting mechanical energy and transforming it into
electrical energy output. When they initially discovered that ZnO nanowires could
generate energy, Professor Zhong LinWang and his research group came up with the
name nanogenerator to describe the concept [18]. Vertically aligned ZnO nanowires
were grown on an α-Al2O3 substrate. To undertake atomic force microscopy (AFM)
measurements on the ZnO nanowires, a conducting AFM tip was brought into close
contact with the nanowires and so imposing a mechanical pressure on the wires.
Since crystal structure deformation results in piezopotential development, the ZnO
structure undergoes a mechanical deformation that is detected by a conducting AFM
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Fig. 11 a The 3D plot of voltage measured from the piezoelectric nanogenerator of ZnO nanorod
arrays, b Height and voltage measured at different points along with a line scan of 3 μm length, c
Calculated piezopotential when ZnO nanorod is deformed by using AFM tip and d schematic of
the experimental setup where AFM tip used to impart pressure on ZnO while the voltage dropped
across a load resistance ismeasured. Reproducedwith permission [19], copyright© 2009,American
Chemical Society

tip. Figure 11 shows a similar work, where the p-type ZnO nanorods were deformed
by using a conducting AFM tip and measured the output potential across a load
resistance [19].

Afterward, there has been lots of progress in designing and improving the effi-
ciency of the piezoelectric nanogenerator [20–22]. The piezoelectric nanostructures
are grown over a substrate or it is mixed into a polymer matrix to make the piezo-
electric nanogenerator. Seol et al. [23] demonstrated a piezoelectric nanogenerator
fabricated from the vertically grown BaTiO3 nanorods which are densely packed
and they called it a “nanoforest.” To create tightly packed vertical nanowires and
nanovoids, they employed a metal-assisted chemical etching procedure known as
mac-etch.

In a recent work by P-Che Lee et al. [24] developed a porous ZnO film that
shows much enhanced piezoelectric output and demonstrated its application as a
force sensor. By annealing a sputtered ZnO thin film (650–950 °C), they produced a
porous ZnO structure. It is possible to boost the output voltage of primitive PENG (up
to 3mV) by 7.5 times by using a porous ZnO thin sheet (0.4mV). ZnO thin-film pores
boost the sensor’s piezotronic sensor sensitivity by 6.9 times. Sometimes multiple
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steps required fabrication processes are employed to fabricate multiple devices at
once, which will give combined output from individual units. Zhu et al. [25] used a
scalable sweepingprinting approach to transfer vertically producedZnOnanowires to
generate horizontally aligned arrays. To link all the horizontally aligned nanowires
of ZnO, Au was placed parallel to the wires, and when bent, a circuit voltage of
2.03 V and a power density of ∼11 mW/cm3. Figure 12 shows the procedures used
in fabricating the gadget.

Aleman et al. [26] demonstrated a piezoelectric nanogeneratorwhichwasmade up
of a sandwich structure of Ti–BaTiO3–graphite–Ti encased in polydimethylsiloxane.
Several works on other lead-free piezoelectric nanostructures NaNbO3, [4] ZnSnO3,
[27–29], GaN, [30–32], etc. have been developed.

Fig. 12 a Experimental setup where a sweeping printing device is used to transfer the vertically
grown ZnO nanowires to a flexible substrate, b SEM images of as-grown vertically aligned ZnO
nanorods, c SEM images of the ZnO after being transferred to the substrate (c) steps showing how
the parallel strips of Au electrodes were bonded to the ZnO nanowires and d SEM images of the Au
electrodes bonded to the ZnO nanowires while the inset of the figure shows the photographic image
of the actual fabricated device. Reproduced with permission [25], copyright © 2010, American
Chemical Society
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6 Summary and Outlooks

In this chapter, we have covered a brief introduction to the principles of piezoelectric
materials, different lead-free piezoelectric nanostructures, their synthesis processes,
and their applications on energy harvesting devices. People’s interest in this material
class has only increased because new applications have emerged and their present
device performance has improved. However, it is important to further carry research
on cost-effective synthesis techniques of the lead-free piezoelectric nanostructure,
and their large-scale production. Till now, the theoretical understanding of the change
in the piezoelectric property of the lead-free piezoelectric nanostructures is not fully
understood, which can be a good research area in the future.
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Chapter 18
Lead-Free Ferroelectrics: Barium
Titanate Based Ceramics: Past, Present,
and Future

Devidas Gulwade

1 Introduction

The ferroelectric era began in the early twentieth century after the existence of
permanent electric dipoles was postulated, followed by the experimental discovery in
sodium potassium tartrate [1, 2]. Sodium potassium tartrate, also termed as Rochelle
salt, had been discovered by Elie Seignette at La Rochelle, France, 200 years before
the discovery of ferroelectricity [3]. The pyroelectric and piezoelectric effects in
Rochelle salt were studied prior to the discovery of ferroelectricity. This was the
first material exhibiting a switching of polarization in an applied electric field.
The systematic study of the properties of Rochelle salt and its analogy with the
ferromagnetic materials established the term “ferroelectric” for the observed set
of properties. Following the discovery of ferroelectricity in Rochelle salt, the first
formulation of ferroelectric theory took a long time due to the difficulty in appre-
ciating the loss of ferroelectricity upon departure from stoichiometry. Rochelle salt
exhibits a complicated structure with 120 atoms in the unit cell and even today it is
one of the most complicated structures in the ferroelectric family. Potassium dihy-
drogen phosphate (KDP), the second ferroelectric material took over a decade to be
discovered. As a consequence, it was thought that ferroelectricity as being a rare
phenomenon and raised confusion about the necessity of the presence of an O–H
bond for ferroelectricity.

The ferroelectricity in BaTiO3 (BT) was discovered in simultaneous independent
studies [4–6]. Cross et al. [7] have reviewed initial progress in research in ferroelec-
tric. The simplicity of the perovskite structure, the chemical andmechanical stability,
ease of synthesis, and ferroelectricity at room temperature made BT the most widely
explored ferroelectric material. The simpler crystallographic structure offered an
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Fig. 1 Subsets of dielectric
materials Dielectric

Piezoelectric

Pyroelectric

Ferroelectric

opportunity for better insights into the origin of ferroelectricity. The discovery of the
ferroelectric perovskites was followed by the investigation of various ferroelectric
materials and they attracted the attention of researchers for their potential use in
pyroelectric detectors, memories, capacitors, transducers, thermistors, electro-optic
modulators, etc.

In total 32 point groups, 11 exhibit center of symmetry, i.e., net electric dipole
moment cannot exist in it. Out of the remaining non-centrosymmetric 21 classes,
20 may exhibit piezoelectric effect, the change in polarization with applied stress.
Further, a subgroup of piezoelectric materials exhibits spontaneous polarization
which changes with temperature change, termed the pyroelectric effect. Ferro-
electrics are the subgroup of the pyroelectric class, having two states of polarization
that can be switched from one state to another in the presence of an electric field (see
Fig. 1).

2 Structure, Synthesis, and Transitions in BT

In the perovskite ABO3 structure, A cations are in 12-fold coordination while B
cations are in sixfold coordination. The structure is depicted in Fig. 2; in the cubic
form, theB cation at the centre of the cube is surrounded by oxygen octahedra, formed
by oxygen ions at face-centered positions and A cations at the corner positions. The
parent member of the family is the mineral perovskite, namely, CaTiO3, and other
important members are BaTiO3, PbTiO3, SrTiO3, BaZrO3, and PbZrO3. Barium
titanate is thefirst perovskite established as a ferroelectric [5]. Thereafter,BT received
the attention of different research groups andwas followed by series of investigations
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Fig. 2 Crystal structure of
perovskite BT

on crystal structure [8–10], crystallographic transitions, the phenomenology of phase
transition [11], and domain structure [12–14].

Following a debate, in the beginning, the consistent work of Kaenzig et al. [15,
16] Magaw et al. [8], and Evans et al. [17, 18] established the existence of tetrag-
onal structure at room temperature; the crystal structure, fractional coordinates, and
thermal parameters of the ions were reported. However, there was little confidence in
the values of thermal factors and the atomic shifts, as it was affected by many factors
including systematic errors such as extinction, absorption, and incorrect scaling [19].
Also, the wide variation in the scattering factors of barium and oxygen for X-rays
and a slight distortion from the cubic phase added difficulties in establishing a unique
solution of the structure. The neutron data has been of great use for such critical anal-
ysis, as scattering is less sensitive to angle and atomic number. Further, single-crystal
neutron diffraction data have been used to confirm the atomic shift and temperature
factors; the shifts in atomic parameters are predicted unambiguously [20].

The fractional coordinates of atoms in the tetragonal structure for BT are provided
in Table 1, to exhibit changes in the structure as compared to the cubic phase. The
tetragonal phase is slightly elongated in the z-direction as compared to the cubic
phase; the lattice parameter “c” is more than “a” by 1 percent for BT at room temper-
ature. A parameter z in Table 1 is a small deviation in positions of atoms compared
with the body centre and phase centre symmetric positions of atoms in the cubic
phase. The relative shift of Ti and O leads to spontaneous polarization, as a result of
a small separation between positive and negative charge centres.

Table 1 Fractional
coordinates in tetragonal
structure

Ion Fractional coordinate

Ba (0,0,0)

Ti (0.5,0.5,0.5 + zTi)

O O1: (0.5, 0.5, zO1)

O2: (0,0.5,0.5 + zO2), (0.5, 0,0.5 + zO2)
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On cooling, at ~134 °C, the cubic unit cell of BaTiO3 elongates along an edge
resulting in a tetragonal structure.Thehigh-temperature centrosymmetric cubicphase
changes to a non-centrosymmetric phase and the net polarization sets in, resulting in
a ferroelectric phase. Further, at about 0 °C the cube elongates along the face diag-
onal resulting in an orthorhombic structure. Thereafter, at around−90 °C, the elonga-
tion along a body diagonal results in a rhombohedral phase [21]. The change in lattice
parameters as a function of temperature above room temperature is exhibited in Fig. 3.
The crystallographic transition from tetragonal to cubic phase is depicted at 125 °C.
The lattice parameters of the tetragonal phase at room temperature are a = b = 3.99
and c = 4.03 Å. The tetragonal splitting in XRD peaks cannot be observed as the c/a
ratio is very close to 1; the tetragonal peaks are observed as a shoulder to themain peak
rather than as two well-resolved peaks. Also, the splitting is influenced by grain size
and strain effects. Raman spectroscopy is another technique to confirm the transition
temperature and the presence of the tetragonal phase. The Raman spectra for pure BT
at room temperature as well as a function of temperatures are studied [22, 23]. Raman
spectra for pure BT are depicted in Fig. 4. The tetragonal phase depicts two additional
bands as compared to the cubic phase at ~340and750cm−1. The intensity of thebands
corresponding to the tetragonal phase decreases with an increase in temperature and
disappears above ~134 °C. The disappearance of the additional bands corroborates
with the dielectric measurement and a corresponding change in lattice parameters in
pure BT.

BT also exhibits a hexagonal phase that is non-ferroelectric. In the tetragonal
phase, all octahedra are corner sharing. However, in the hexagonal polymorph, two-
thirds of the octahedra share a face, i.e., Ti is closely placed to each other and
their repulsion does not permit ferroelectricity. The electromechanical coupling in
the corner-sharing octahedra in the tetragonal phase leads to interaction between
vibrating dipoles. The interaction enforces displacement in the Ti position. The
comparison between these two polymorphs indicates the vital role of the position

Fig. 3 Change in lattice
parameters as a function of
temperature
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Fig. 4 Raman spectra of BT
at room temperature

of Ti in ferroelectricity [24]. The shielding of Ti4+ ion in the oxygen cage, shape of
oxygen octahedra, and space available to Ti play a key role in ferroelectricity.

Regarding tetragonal to cubic transition, the displacive transition and theTi rattling
concept were prevalent in the beginning [25, 26]. Cochran et al. [27] opposed the
Ti rattling concept, with a view that lattice phonon modes should be taken under
consideration. If covalency or polarizability are not accounted for, then the short-
range forces would be sufficient to keep BaTiO3 in the cubic phase [28]. Below Tc,
induced dipoles overcome thermal agitations and the Ti ions are locked in an acentric
position displaced toward one of its six oxygen neighbors. Ab-initio calculations
depict the existence of covalence between Ti and O and reveal that the effective
charge is different from nominal charges for Ti4+ and O2− [29–32].

The pure compound has been studied with different synthesis routes in ceramic
as well as single crystal form. The widely explored methods for synthesizing BT
are solid-state reaction, sol–gel, Pechini process, coprecipitation, and hydrothermal
[33–35]. In ceramic form, along with the one-to-one Ba:Ti ratio in BT, the impurity
compounds corresponding to other Ba:Ti ratios are observed along with BT, namely,
BaTi2O5, BaTi4O9, Ba2Ti3O3, BaTi3O7, Ba2TiO4 [36, 37]. The formation of the
impurity phases at the initial stage of calcination, the reaction between BaO and
TiO2 to form BT does not occur in a single step. Initially part of reactants reacts with
each other leading to the partial formation of BT. Further, unreacted BaCO3 reacts
with BaTiO3 with a formation of Ba2TiO4 [38, 39]. Thereafter, this is converted to
BaTiO3 by a reaction with TiO2. The ferroelectric and piezoelectric properties of
BaTiO3 vary with the synthesis route, grain size, stoichiometry.
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Research in ferroelectrics was always intending to either understand the basic
phenomenology of the ferroelectric transition or to modify properties of the host
material for different applications. Many of the doped BaTiO3 family of materials
exhibit diffused phase transition rather than a steep transition as in the case of pure
BaTiO3.Materials exhibiting a high dielectric constant aswell as a lower temperature
coefficient of dielectric constant in the temperature range of interest are useful for
various Electronic industry standards (EIS) capacitors.

3 Modified Curie–Weiss Law

The tetragonal to cubic transition at 120 °C is accompanied by a steep change in
the dielectric constant in BT. Various doping schemes have been adopted to modify
the properties of pure BaTiO3. Many dopants change the transition temperature
and/or the shape of the transition, namely, the ε versus T plot. A large number of
doped compositions exhibit a broad peak in ε versus T plot, diffused phase transition
accompanied by a deviation from Curie–Weiss (CW) law, and enhanced frequency
dispersion. The CW law and modified CW law are provided in Eqs. 1 and 2.

ε = Co

T − To
(1)

where To is Curie temperature, Co is Curie Weiss constant, and ε is the dielectric
constant.

The behavior in the case of doped BT having diffused phase transition is governed
by a modified CW law (Eq. 2) [40].

1

ε
− 1

εmax
= (T − Tmax)

γ

C
(2)

where C and γ are constants and εmax is the maximum dielectric constant attained at
a temperature Tmax in ε versus temperature plot.

Typical deviation from linear behavior of CW law is depicted in Fig. 5 [41]. The
temperature from which it exhibits deviation from linearity is termed as Tdev. The
difference between Tdev and Tmax depicts the extent of diffuseness of the transition.
The value of γ may be obtained from a graph between log (1/ε-1/εmax) and log (T-
Tmax). The value varies from 1 to 2. In the limiting case for classical ferroelectric
material,γ=1 andEq. 2 reduces toEq. 1. Thevalue ofγ governs the diffuseness of the
transition. The properties of pure perovskites are modified with the dopants resulting
in a relaxor or diffuse phase transition. The properties of BaTiO3 are enhanced by
different dopants. The widely explored dopants are La, Sn, Sr, Zr, Al, Ga, and Pb.
Many of these doped materials exhibit a diffuse phase transition.
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Fig. 5 1000/ 1as a function
of Temperature for doped BT
[41]

4 Grain Size Effect on Ferroelectric Properties

The microstructure influences the ferroelectric properties. Therefore, the various
methodologies for synthesis, sintering, and schemes of doping are employed to
manipulate microstructure and thereby the properties of BaTiO3. The densification
and grain growth mechanism in doped, as well as pure BaTiO3 has been thoroughly
investigated [42]. The liquid phase sintering in pure BaTiO3 takes place at 1325 °C.
The densification is also followed by an anomalous grain growth resulting in large
rounded grains. The anomalous grain growth occurs due to the formation of twins or
liquid phase sintering [43, 44]. The combined effect of mutually interlinked param-
eters such as anomalous grains coalesces of pores and closure of pores leads to
de-densification. However, limiting the densification temperature effectively helps
to maintain the final grain size for the desired use of material. The conventional
sintering consists of a higher grain size over 34μmwith fewgrainsmore than 100μm
[45]. Advanced techniques such as hot isostatic pressing [46], spark plasma sintering
[47], microwave sintering result in a finer control on grain size [48]. The samples
prepared using hydrothermal synthesis or wet chemical synthesis and sintered using
spark plasma sintering result in above 95% density having grain size ranging from
0.06 to 0.5μm [49]. A higher dielectric constant is observed for the 0.5μm relative to
the 0.06μm grain size. Martirena et. al. [50] have depicted an increase in the diffuse-
ness and decrease in the transition temperature with the decrease in grain size. The
transition temperature distribution model has been proposed to explain the observed
diffuseness, namely, that different regions exhibit different transition temperatures
resulting in the broad rounded peak as a combined effect. The increase in the permit-
tivity for the finer grain size is the effect of the unrelieved stress in the finer grain size
as compared to the coarse grain size or based on reduction in the frequency of the
90° domains [51, 52]. Independent studies consisting of different microstructure and
grain size distribution on account of different synthesis routes used in investigations
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corroborates with the trends discussed above [46, 53–55]. Raman spectra studies
of BT of different grain size depicts decrease in tetragonality with the decrease in
the grain size corroborating with XRD investigations [23]. These trends are also
confirmed using high-resolution synchrotron radiation investigation [56]. The tran-
sition temperature decreases with the decrease in grain size corroborating with a
corresponding change in tetragonality. The trend observed in BT corroborates with
the grain size dependence in other materials such as PbTiO3 [57]. The effects of grain
size dependence on transition temperature may be compared with the external hydro-
static pressure as the transition temperature decreases with the increase in external
pressure. Also, the finer grains lead to unrelieved stress during phase transformation.

Kinoshita et al. [58] have established that there is no change in the dielectric
constant in the paraelectric region. However, the dielectric constant in the ferro-
electric region increases with a decrease in the grain size, i.e., effectively due to an
increased diffuseness of the transition. The transition temperature, the C-W constant,
and the dielectric constant in the paraelectric region are observed to be independent of
the grain size. This behavior depicts that the differences observed in the ferroelectric
region are borne out of the internal stresses that develop in the ferroelectric tetragonal
phase during transformation. There are varied reports about the dependence of grain
size on the nature of transition and dielectric constant. However, it has been estab-
lished that below a critical grain size, ferroelectricity disappears and the structure
becomes cubic. The range of this critical size is disputed in the literature as different
processing and techniques to interpret the absence/presence of ferroelectricity have
been used. The XRD peaks get broader with the decrease in grain size and below
some threshold, and the tetragonal splitting appears merged. However, the Raman
investigations exhibit the presence of tetragonal phase even for the finer grain size
[59]. There is a phenomenological difference between the different techniques; XRD
provides an average picture, while the Raman spectroscopy is sensitive to the Ti shift
at the unit cell level. Therefore, a faint presence of tetragonal bands in Raman spectra
does not necessarily imply a cooperative domain structure.

5 Properties of Doped BaTiO3

The different dopants bring about different effects on the properties and transitions
of BT. In general, the effect of the dopant ion on the host lattice is explained based on
thumb rules like tolerance factor or the space available for the Ti on the octahedral
site. However, the effects cannot be explained by such a simple size rule and there
exist many exceptions to it [60]. The effect of few important dopants on the properties
of BaTiO3 is discussed below.
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5.1 Sn Doping

Sn-doped BT has been investigated by Smolenskii et al. [61] in the early years
following the discovery of BaTiO3. The broadening of the transition as a function
of dopant concentration is observed and it enhances the dielectric constant at room
temperature. The tetragonality(c/a) decreases with an increase in dopant concen-
tration and the structure becomes cubic for 13 m% Sn at room temperature [62].
Therefore, the transition temperature decreaseswith an increase in Sn dopant concen-
tration; it may be attributed to the lower size of Sn relative to that for the host Ti.
Also, the non-ferroelectric Sn on the active Ti site disturbs the long-range order
leading to an increase in the diffuseness of the transition, termed as the ferroelec-
tric dilution effect. The increased frequency dispersion observed for higher dopant
concentration is explained based on the size and polarization relaxation of the polar
nano-regions (PNR). The size and relaxation frequency of PNR governs enhanced
change in dielectric constant as a function of frequency [63]. The diffuse transition is
also explained based on different phase transition temperatures in different regions
of crystal on account of internal stresses and composition fluctuations [64]. The
composition fluctuation or inhomogeneity is the difference in the dopant concentra-
tion inside the synthesized material. In other words, the observed diffuse transition
may be attributed to an unequal spread of Sn in the different regions. Further, the
Burns temperature, the maximum temperature at which the polar nano-regions are
observed above Tmax, is found to increase in the compositions exhibiting a diffuse
phase transition [65].

5.2 Sr Doping

Strontium titanate exhibits a perovskite structure and is cubic at room temperature.
Strontium titanate and BT exhibit a solid solution over the entire composition range.
The family of compounds, Ba1-xSrxTiO3 having strontium titanate and BT as end
members, is termed as BST. The tetragonality decreases with an increase in stron-
tiumdopingconcentration [66–69]. InBST, the three transitionsofBT,namely, tetrag-
onal to cubic transition (Tt-c), orthorhombic to tetragonal (To-t), and rhombohedral to
orthorhombic (Tr-o)decreaseat the rateof3,2.3, and1.0°C/mol, respectively [70].The
effect ofPbandCaon the three transitions is quite different from that ofSr dopant [21].
The effect of different dopants on transitions of BT cannot be explained or general-
ized based on simple cation size consideration. The addition of Sr impurity in Barium
titanate leads to the formation of local polar clusters that become a precursor for a
cubic to tetragonal transition. The existence of both the phases around Tmax. results in
adiffusephase transition[71].Thephase transformations inBSTarealsostudiedusing
Raman spectroscopy [72, 73]. The change in lattice parameters anddielectric constant
for Ba1-xSrxTiO3 (x= 0, 0.1, 0.2 and 0.25) compositions is depicted in Fig. 6 and high
temperature Raman spectra is exhibited in Fig. 7 for x= 0.25 composition. It depicts
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Fig. 6 Lattice parameters
(a) and dielectric constant
(b) as a function of
temperature for
Ba1-xSrxTiO3

Fig. 7 Raman spectra at
different temperature for
Ba1-xSrxTiO3, x = 0.25
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that the diffuseness of the transition increases with an increase in dopant concentra-
tion. Also, it exhibits that Tmax and crystallographic transition temperature observed
in high-temperature Raman spectra are different. The dielectric constant increases
with the increases in Sr dopant concentration and exhibits a maximum for compo-
sition and decreases thereafter [74, 75]. The diffuse nature of the transition observed
inBST is attributed to inter and intragranular strain and compositional inhomogeneity
[76].Differences in the ferroelectric properties of the solid solutionvarywith a change
in sintering temperature may be attributed to varied microstructure [77, 78]. Magne-
sium andManganese additives are added for grain growth inhibition and for trapping
electrons, respectively, to improve and optimize the overall performance of BST [79].
Further, the focus is toward growing thin films and BST is continually being explored
for use in next-generation memory applications [80–82]. Many aspects relating to
ferroelectric thin films such as degradation and lossmechanisms inBSTneed through
investigations [83].

5.3 La Doping

Lanthanum doping results in a remarkable enhancement of the properties of BaTiO3.
In the Ba1-xLaxTi1-x/4O3 (BLT) family of compounds, the transition temperature
decreases with an increase in the concentration of doping. The decrease in Tc corrob-
orateswith a corresponding decrease in the tetragonal distortion [84]. The decrease in
tetragonality is depicted in XRD as well as Raman spectroscopy. The Raman spectra
for different compositions are depicted in Fig. 8. The decrease in intensity of the
tetragonal band at ~340 cm−1 depicts a decrease in tetragonality with an increase in
dopant concentration. The possible defects in La-doped BT are provided in Eqs. 3–5
[85, 86]. The defect model depends on dopant concentration as well as the processing

Fig. 8 Raman spectra for
Ba1-xLaxTi1-x/4O3
compositions [84]
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of compounds. The lower concentration of La doping results in semiconducting prop-
erties as the effect of the electronic charges created by the excess positive charge due
to La3+ dopant at Ba2+ site (Eq. 3). At higher La concentration, Ti vacancy defects
(see Eq. (4) predominates resulting in higher resistivity [84, 87].

Bax
Ba → La·

Ba + eI (3)

Bax
Ba + T i xT i + 4La·

Ba + V ||||
T i (4)

3Bax
Ba → 2La·

Ba + V ||
Ba (5)

The extent of diffuseness of transition increaseswith an increase in dopant concen-
tration. The compositionswith higher La dopant concentration exhibit deviation from
the C-W law. Transition temperatures Tt-c and To-t decreases with the different rates
with an increase in dopant concentration. Eventually, due to the difference in the rate
of change of transition temperature, both transitions overlap and a broad transition
is observed for around 8 m/o La. The effect of overlap of transition temperature is
called as pinching effect and results in board 1versus T peak. TheDielectric constant
as a function of temperature for Ba1-xLaxTi1-x/4O3 compositions is depicted in Fig. 9.
In general, the B site dopant at ferroelectric active Ti octahedral results in a diffuse
phase transition. However, the enhancement in diffuseness observed in La doping
on A-site is analogous to that of the B-site dopant effect. The effect of La alters the
Ti ordering by creating Ti vacancies and leads to interesting ferroelectric properties
exhibiting high dielectric constant and diffuseness.

Fig. 9 Dielectric constant as
a function of temperature for
Ba1-xLaxTi1-x/4O3
compositions [84]
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5.4 Ce, Zr, and Other Widely Investigated Dopant Effects

Cerium exists in 3+ and 4+ states and can substitute for Barium as well as Titanium
sites. Further, this substitution as an effect of different processing routes results in
varied defectmechanisms and properties of compound [88, 89]. For a ceramic fired in
the air, Ce is incorporated at Ba site under reducing atmosphere [89]. The ionic radii
of Ce4+ in VII and XII coordination are 0.87 and 1.14 Å, respectively. On the other
hand, the ionic radii for Ce3+ are 1.01 and 1.34 Å [90]. The ionic radii depict that
Ce4+ will be favored on the Ti site and Ce3+ on the Ba site. The donor charge Ce3+ at
the Ba2+ site results in an excess positive charge and is compensated by the electronic
defects at lower dopant concentrations. However, at higher dopant concentrations, Ti
vacancies are favored. An increase in Ce dopant concentration results in decreases
in tetragonality and results in a relaxor behavior [91–94]. The three transitions of
BT changes with the different rates as a function of dopant concentration and results
in merging of these transitions resulting in diffuse phase transition [91]. Observed
relaxor behavior is a result of the incorporation of non-ferroelectric Ce at Ti site
leading to dilution of ferroelectric ordering and existence of core–shell structure
[95].

The Zr doping on the Ti site results in a change in transition temperature to a larger
extent relative to Ce4+. The pinching effect results in a broad transition at around
20 m/o Zr [96]. The core–shell structure in Zr-doped BaTiO3 has been established
using energy dispersive spectroscopy [97]. A similar behavior, namely, increased
diffuseness of the transition with increase in dopant concentration is also observed
for Hf-doped BT [98]. The relaxor characteristics increase with an increase in dopant
concentration. The dielectric constant as a function of temperature for Hf-doped BT
is exhibited in Fig. 10 [99]. Compositions of the typeBa1−x(Sm0.5Na0.5)xTiO3 exhibit
relaxor type behavior. The Sm- and Na-doped BaTiO3 is tetragonal at room tempera-
ture up to x= 0.4 and transforms to cubic with a further increase in dopant concentra-
tion. The initial increase in the dopant concentration (up to x= 0.3) increases relaxor
characteristics due to the random distribution of Sm and Na. However, further, an
increase in dopant concentration results in a classical ferroelectric transition [100].

The trivalent yttrium ion is a preferred dopant for the Ti site but a low solid
solubility up to 1.5 m% on the Ba site is observed [101]. The transition temperature
in Y doping decreases at a higher rate than those observed for Zr or Ce doping. Nb5+

and Ta5+ substitute at Ti site and results in vacancies at A and/or B sites. Similar to Y,
Zr, Ce, the doping ofNb, Ta, Nd, Bi results in a lowering of the transition temperature,
and the increase in diffuseness of the transition is observed. The switchover from
the classical ferroelectric to the enhanced diffuse transition accompanied by the
frequency dispersion in Bi-doped BaTiO3 compositions is observed [102]. However,
in Nd doping, the relaxor behavior is not observed but the high variation in dielectric
constant with frequencies suggests the formation of free charges, i.e., interfacial
polarization at grain boundaries [103].
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(a) (b)

Fig. 10 Dielectric constant as a function of temperature for 20 m% (a) and 22 m% (b) Hf-doped
BaTiO3 [99]

5.5 A and B Site Co-doping

Asdiscussedabove,LaandCeare thewidely investigateddopants.Further, thecombi-
nation of these two dopants results in remarkable characteristics that may be tailored
by either dopant concentration [104]. In the co-doped material, a higher change in
transition temperature with La dopant (−34 to−38 °C/mol) is observed relative to in
La-dopedBaTiO3.Also, the rateofdecreaseof transition temperaturewithCeconcen-
tration in a co-doped is −7 °C/mol; higher than the value of −3 °C/mol observed in
only Ce-doped BaTiO3. Either dopant results in an increase in the extent of diffuse-
ness and the transition temperature is affected largely byLadopant concentration.The
change in dielectric constant as a function of temperature for constant Ce is exhibited
in Fig. 11.

La- and Ce-doped BaTiO3 compositions exhibit highly diffuse phase transition as
a result of Ti vacancies formed because of excess positive charge due to La dopant at
the host Ba ion. These compositions are potential materials for X7R and Y5V EIA
class-2 capacitors. Thin-film Ca- and Zr-doped BT (BCT-BZT) leads to enhanced
dielectric properties using strain engineering by using the suitable substrate. Pulsed
laser depositions (PLD) and RF sputtering are widely used methods for the study
of BT-based thin films [105]. Recent studies on the thin film of BT using PLD
deposition have established temperature-independent dielectric responses and large
piezoelectric responses [106].

In the family of compounds of type BT-KNbO3 and BT-NaNbO3, a broad transi-
tion is observed exhibiting enhanced frequency dispersion and departure from C-W
law. The behavior is a result of nanoscale compositional inhomogeneity [107, 108].
This effect is similar to the explanation provided in well-known lead-based material,
La- and Zr-doped PbTiO3 (PLZT) [109, 110].
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Fig. 11 Dielectric constant as a function of temperature for La- and Ce-doped BaTiO3 [104]

The La and Al/Ga co-doped BT systems exhibit deviation from C-W law and
diffuse phase transition [111, 112]. For the higher doping concentration, the constant
γ, in modified CW law approaches 1.8. Using high-temperature XRD and Raman
spectroscopy it has been established that the tetragonal phase exists well above Tmax.
In pure BaTiO3 the crystallographic transition from tetragonal to cubic and Tmax

coincides. However, the difference between the Tmax and the crystallographic tran-
sition temperature observed in HTXRD increases with an increase in diffuseness of
transition. The temperature where deviation from CW law sets in (Tdev) is related to
the formation of polar nanodomains (see Fig. 5). The temperature difference between
Tdev and Tmax is directly related to extent of diffuseness of the transition.

In past the piezoelectric applications were dominated by lead-based materials.
However, recent work in Zr- and Ca-doped BT compounds has depicted that BT-
based systems are also suitable for piezoelectric applications [113, 114]. Subse-
quent work has led to confidence in the use of BT-based ceramics for piezoelectric
applications and further investigations [115]. Morphological phase boundary (MPB)
consisting of lower symmetry Monoclinic phase in PMN-PbTiO3 and PZT-PbTiO3

compounds is well established. This existence of MPB results in a high piezoelectric
response [116, 117]. A similar phenomenon called a Thermotropic or Morphotropic
Phase Boundary consisting of intermediate phases of intrinsic monoclinic symmetry
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has been observed in BT-based ceramics, resulting in enhanced properties [118]. In
a system, (1-x)Ba(Ti0.8Zr0.2)O3-x(Ba1-yCay)TiO3 existence of morphotropic phase
boundary over a temperature range near transition has led to enhanced dielectric and
piezoelectric properties [119].

6 Summary and Prospects

Theperovskite family beingof great interest for various applications, variousmethod-
ologies of doping have been adopted to enhance the properties of pure BaTiO3. The
few widely explored dopants are Sr, Sn, La, Ce, and Zr. A majority of these dopants
exhibit a diffuse phase transition and/or relaxor-type behavior. Various explanations
have been provided in the literature to explain the observed behavior. In the case of
doped BT, the pinching effect in few dopants results in a broad diffuse transition.
The dopant causes loss of long-range ordering by diluting the ferroelectric charac-
teristics and by impurity induced clusters [120, 121]. Also, the behaviour may be
explained based on the formation of the core–shell structure consisting of composi-
tional inhomogeneity, inhomogeneous strain, and the formation of PNR. Thereafter,
the dynamics of PNR give rise to enhanced frequency dispersion and a broad transi-
tion. The co-existence of both ferroelectric and paraelectric phase over a wide range
of temperature around transition temperature leads to broad 1versus T transition.

Piezoelectric applications were limited to lead-containing materials such as
PbZr1−xTixO3 (PZT) and PbMg1/3Nb2/3O3(PMN), and BT was believed to be no
match. However, emerging research led to confidence in the development of BT-
based materials as lead-free piezo material. Recently, tape casting studies of BT are
explored and effects of microstructure, texture are explored for various capacitor
applications. Textured ceramics using templated grain growth resulted in enhance-
ment of properties [122]. In-depth texture, grain boundaries, and microstructure may
lead to new paths in this area. Also, morphotropic phase boundary has resulted in
enhanced piezoelectric properties in BT-based systems. These emerging areas in
BT-based materials have developed a new recipe to tailor enhanced properties, suit-
able for piezoelectric applications. Further research may lead to the development
of BT-based materials having comparable or even superior properties to lead-based
ceramics.

References

1. Valasek J (1920) Piezoelectric and allied phenomena in Rochelle salt. Phys Rev 15:537–538
2. Valasek J (1921) Piezo-electric and allied phenomena in rochelle salt. Phys Rev 17:475–481
3. Mason WP (1971) Fifty years of ferroelectricity. J Acoust Soc Am 50:1281–1298
4. Gray B (1946) Transducers and method of making the same. U.S. Patent No 2 486 560
5. Hippel AV, Breckenridge RG, Chesley FG, Tisza L (1946) High dielectric constant ceramics.

Ind Eng Chem 38:1097–1109



18 Lead-Free Ferroelectrics: Barium Titanate … 375

6. Ogawa S (1946) On polymorphic change of BaTiO3. J Phys Soc Jpn 1:32–33
7. Cross LE, Newnham RE (1987) History of ferroelectrics. Ceram Civiliz 111:289–345. Am

Ceram Soc Inc.
8. Megaw H (1945) Crystal structure of barium titanate. Nature 55:484–485
9. Merz W (1956) Switching time in ferroelectric BaTiO3 and its dependence on crystal

thickness. J Appl Phys 27:938–943
10. Fraser BC,DannerH, Pepinski R (1955) Single-crystal neutron analysis of tetragonal BaTiO3.

Phys Rev 100:745–746
11. Devonshire AF (1949) Theory of barium Titanate. Part I. Philos Mag 40:1040–1063
12. Matthias B, Hipple AV (1948) Domain structure and dielectric response of barium titanate

single crystals. Phys Rev 73:1378–1384
13. BlattnerH,KaenzigW,MerzW(1949)Production and investigationofBaTiO3 single crystals.

Helv Phys Acta 22:35–65
14. MerzW (1952) Domain properties in BaTiO3. Phys Rev 88:421–422;MerzW (1954) Domain

formation and domain wall motions in ferroelectric BaTiO3 single crystals. Phys Rev 95:690–
698

15. Kaenzig W (1951) X-ray studies on the seignette electricity of barium titanate. Helv Phys
Acta 24:175–216

16. Kaenzig W (1950) Atomic positions and vibrations in the ferroelectric BaTiO3 lattice. Phys
Rev 80:94–95

17. Evans HT (1951) The crystal structure of tetragonal barium titanate. Acta Cryst 4:377–377
18. Evans HT (1961) An X-ray diffraction study of tetragonal barium titanate. Acta Cryst

14:1019–1026
19. Megaw H (1962) Refinement of the structure of BaTiO3 and other ferroelectrics. Acta Cryst

15:972–973
20. Frazer BC, Danner HR, Pepinsky R (1955) Single-crystal neutron analysis of tetragonal

BaTiO3. Phy Rev 100:745–746
21. Jaffe B, Cook WR, Jaffe H (1971) Piezoelectric ceramics. Academic Press Inc., London
22. Lu SW, Lee BI, Wang ZL, Samuels WD (2000) Hydrothermal synthesis and structural

characterization of BaTiO3 nanocrystals. J Cryst Growth 29:269–276
23. Deng X, Wang X, Wen H, Kang A, Gui Z, Li L (2006) Phase transitions in nanocrystalline

barium titanate ceramics prepared by spark plasma sintering. J Am Ceram Soc 89:1059–1064
24. Hipple AV (1950) Ferroelectricity, domain structure, and phase transitions of barium titanate.

Rev Mod Phys 22:221–237
25. Slater JC (1950) The Lorentz correction in barium titanate. Phys Rev 78:748–761
26. Mathiss B, Hipple AV (1948) Domain structure and dielectric response of barium titanate

single crystals. Phys Rev 73:1378–1384
27. Cochran W (1960) Crystal stability and the theory of ferroelectricity. Adv Phys 9:387–423
28. Cohen RE, Krakauer H (1990) Lattice dynamics and origin of ferroelectricity in BaTiO3:

linearized-augmented-plane-wave total-energy calculations. Phys Rev B 42:6416–6423
29. Cohen RE (1992) Origin of ferroelectricity in perovskite oxides. Nature 358:136–138
30. Ghosez P, Cokayayne E, Waghmare UV, Rabe KM (1999) Lattice dynamics of BaTiO3,

PbTiO3, and PbZrO3: a comparative first-principles study. Phys Rev B 60:836–843
31. Ghosez P, Michenaud JP, Gonze X (1998) Dynamical atomic charges: the case of ABO3

compounds. Phys Rev B 58:6224–6240
32. Gonze X, Lee C (1997) Dynamical matrices, Born effective charges, dielectric permittivity

tensors, and interatomic force constants from density-functional perturbation theory. Phys
Rev B 55:10355–10368

33. Klein L, Aparicio M, Jitianu A (eds) (2016) Handbook of sol-gel science and technology.
Springer. Online. ISBN 978-3-319-19454-7

34. Wei LS, Lee BI, Wang L, Samuels WD (2000) Hydrothermal synthesis and structural
characterization of BaTiO3 nanocrystals. J Cryst Growth 219:269–276

35. Yamamura H,Watanabe A, Shirasaki S, Moriyashi Y, TanadaM (1985) Preparation of barium
titanate by oxalate method in ethanol solution. Ceram Int 11:17–22



376 D. Gulwade

36. Rase DE, Roy R (1955) Phase equilibria in the system BaTiO3-SiO2. J Am Ceram Soc
38:389–395

37. Statton WO (1951) The phase diagram of the BaO–TiO2 system. J Chem Phys 19:33–40
38. Beauger A, Muion JC, Niepce JC (1983) Synthesis reaction of metatitanate BaTiO3 Part 1

Effect of the gaseous atmosphere upon the thermal evolution of the system BaCO3-TiO2. J
Mater Sci 18:3441–3446

39. Beauger A, Muion JC, Niepce JC (1983) Synthesis reaction of metatitanate BaTiO3 Part 2
Study of solid-solid reaction interfaces. J Mater Sci 18:3543–3550

40. Uchino K, Nomura S (1982) Critical exponents of the dielectric constants in diffused-phase-
transition crystals. Ferroelectr 44:55–61

41. Bobade SM, Gulwade DD, Kulkarni AR, Gopalan P (2005) Dielectric properties of A- and
B-site-doped BaTiO3: La- and Al-doped solid solutions. J App Phys97:074105

42. Drofenik M, Popovic A, Kolar D (1984) Grain growth and related effects in doped BaTiO3.
Am Ceram Soc Bull 63:702–704

43. Kastner G, Wagner R, Hilarius V (1994) Nucleation of twins by grain coalescence during the
sintering of BaTiO3 ceramics. Philos Mag A 69:1051–1071

44. Demartin M, Herard C, Carry C, Lemaıtre J (1997) Dedensification and anomalous grain
growth during sintering of undoped barium titanate. J Am Ceram Soc 80:1079–1084

45. Veneva AK, Muklich F (2002) Orientation imaging microscopy applied to BaTiO3 ceramics.
Cryst Eng 5:235–242

46. Arlt G, Hennings D, With GD (1985) Dielectric properties of fine-grained barium titanate
ceramics. J Appl Phys 58:1619–1625

47. Takeuchi T, Capiglia C, Balakrishnan N, Takeda Y, Kageyama H (2002) Preparation OF
fine-grained BaTiO3 ceramics by spark plasma sintering. J Mater Res 17:575–581

48. Agrawal DK (1998) Microwave processing of ceramics. Curr Opin Solid State Mater Sci
3:480–485

49. Fukai K, Hidaka K, Aoki M, Abe K (1990) Preparation and properties of uniform fine
perovskite powders by hydrothermal synthesis. Ceram Int 16:285–290

50. Martirena HT, Burfoot JC (1974) Grain-size effects on properties of some ferroelectric
ceramics. J Phys C Solid state Phys 7:3182–3192

51. BuessemWR, Cross LE, Goswami AK (1966) Phenomenological theory of high permittivity
in fine-grained barium titanate. J Am Ceram Soc 49:33–36

52. Buessem WR, Cross LE, Goswami AK (1966) Effect of two-dimensional pressure on the
permittivity of fine- and coarse-grained barium titanate. J Am Ceram Soc 49:36–39

53. Uchino K, Sadananga E, Hirose T (1989) Dependence of the crystal structure on particle size
in barium titanate. J Am Ceram Soc 72:1555–1558

54. Buscaglia V, Buscaglia MT, Viviani M, Mitoseriu L, Nanni P, Trefiletti V, Piaggio P, Gregora
I, Ostapchuk T, Pokorny J, Petzelt J (2006) Grain size and grain boundary-related effects on
the properties of nanocrystalline barium titanate ceramics. J Europ Ceram Soc 26:2889–2898

55. Zhao Z, Buscaglia V, Vivaiani M, Buscalia MT, Mitoseriu L, Testino A, Nygren M, Johnsson
M, Nainni P (2004) Grain-size effects on the ferroelectric behavior of dense nanocrystalline
BaTiO3 ceramics. Phys Rev B 70:024107

56. Yashima M, Hoshina T, Ishimura D, Kobayashi S, Nakamura W, Tsurumi T, Wada S (2005)
Size effect on the crystal structure of barium titanate nanoparticles. J Appl Phys 98:014313

57. Ishiwaka K, Yoshikawa K, Okada N (1988) Size effect on the ferroelectric phase transition
in PbTiO3 ultrafine particles. Phys Rev B 37:5852–5855

58. Kinoshita K, Yamaji A (1976) Grain-size effects on dielectric properties in barium titanate
ceramics. J Appl Phys 47:371–373

59. FreyMJ, PayneDA (1996)Grain-size effect on structure and phase transformations for barium
titanate. Phys Rev B 54:3158–3168

60. West AR, Adams TB, Morrison FD, Sinclair DC (2004) Novel high capacitance materials:
BaTiO3: La and CaCu3Ti4O12. J Euro Ceram Soc 24:1439–1448

61. Smolensky GA, Isupov VA (1954) Segnetoelektricheskie svoistva tverdykh Rastovorov
stannata Bariya V titanate Bariya. Zh Tech Fiz 24:1375–1386



18 Lead-Free Ferroelectrics: Barium Titanate … 377

62. Markovic S, Mitric M, Cvjeticanin N, Uskokovic D (2007) Preparation and properties of
BaTi1−xSnxO3 multilayered ceramics. J Euro Ceram Soc. 27:505–509

63. Xiaoyong W, Yujun F, Xi Y (2003) Dielectric relaxation behavior in barium stannate titanate
ferroelectric ceramics with diffused phase transition. App Phys Lett 83:2031–2033

64. Bokov AA, Ye ZG (2006) Recent progress in relaxor ferroelectrics with perovskite structure.
J Mater Sci 41:31–52

65. Muellera V, Jagerb L, Beigea H, Abichtb HP, Muller T (2004) Thermal expansion in the
Burns-phase of barium titanate stannate. Solid State Comm 129:757–760

66. Suasmoro S, Pratapa S, Hartanto D, Setyoko D, Dani UM (2000) The characterization of
mixed titanate Ba1−xSrxTiO3 phase formation from oxalate coprecipitated precursor. J Euro
Ceram Soc 20:349–314

67. Hilton AD, Ricketts BW (1996) Dielectric properties of Ba1-xSrxTiO3 ceramics. J Phys D
Appl Phys 29:1321–1325

68. Kuo SYWF, Liao WY, Hsieh (2001) Structural ordering transition and repulsion of the giant
LO-TO splitting in polycrystalline BaxSr1-xTiO3. Phys Rev B 64:224103

69. Bethe K, Welz F (1971) Preparation and properties of (Ba, Sr)TiO3 single crystals. Mat Res
Bull 6:209–217

70. Zhou L, Vilarinho PM, Baptista JL (1999) Dependence of the structural and dielectric prop-
erties of Ba1-xSrxTiO3 ceramic solid solutions on raw material processing. J Euro Ceram Soc
19:2015–2020

71. Singh N, Singh AP, Prasad CD, Pandey D (1996) Diffuse ferroelectric transition and relax-
ational dipolar freezing in: III. Role of order parameter fluctuations. J Phys Condens Matter
8:7813–7827

72. Tenne DA, Soukiassian A, Xi XX, Choosuwan H, Guo R, Bhalla AS (2004) Lattice dynamics
in BaxSr1−xTiO3 single crystals: a Raman study. Phy Rev B 70:174342

73. Pasha UM, Zheng H, Thakur OP, Feteira A, Whittle KR (2007) In situ Raman spectroscopy
of A-site doped barium titanate. Appl Phys Lett 91:062908

74. LemanovVV, SmirnovaEP, SyrnikovPP, TarakanovEA (1996) Phase transitions and glasslike
behavior in Sr1−xBaxTiO3. Phy Rev B 54:3151–3157

75. Tiwari VS, Singh N, Pandey D (1995) Diffuse ferroelectric transition and relaxational dipolar
freezing in (Ba,Sr)TiO3. J Phys Condens Matter 7:1441–1460

76. Syamaprasad U, Galgali RK, Mohanty BC (1998) Dielectric properties of the Ba1−xSrxTiO3
system. Mater Lett 7:197–200

77. Jeon JH (2004) Effect of SrTiO3 concentration and sintering temperature on microstructure
and dielectric constant of Ba1−xSrxTiO3. J Euro Ceram Soc 24:1045–1048

78. Hirbebecq V, Huber C, Maglione M, Anonietti M, Elissalde C (2004) Dielectric properties
of pure (BaSr)TiO3 and composites with different grain sizes ranging from the nanometer to
the micrometer. Adv Funct Mater 14:899–904

79. Chiou BS, Liou JW (1997) Dielectric characteristics of doped Ba1−xSrxTiO3 at the
paraelectric state. Mater Chem Phys 51:59–63

80. Tao K, Hao Z, Xu B, Chen B, Miao J, Yang H, Zhao BR (2003) Ferroelectric properties of
(Ba, Sr)TiO3 thin films grown on YBa2Cu3O7 layers. J Appl Phys 94:4042–4046

81. Wang RV, McIntyre PC (2003) Point defect distributions and their electrical effects on
(Ba,Sr)TiO3/Pt thin films. J Appl Phys 94:1926–1933; Cole MW, Nothwang WD, Hubbard
C, Ngo E, Ervin M (2003) Low dielectric loss and enhanced tunability of Ba0.6Sr0.4TiO3
based thin films via material compositional design and optimized film processing methods. J
Appl Phys 93:9218–9225; Kim WJ, Wu HD, Chang W, Qadri SB, Pond JM, Kirchoefer SW,
Chrisey DB, Horwitz JS (2000) Microwave dielectric properties of strained (Ba0.4 Sr0.6)TiO3
thin films. JAppl Phys 88:5448–5451; JinHZ, Zhu J (2002) Size effect and fatiguemechanism
in ferroelectric thin films. J Appl Phys 92:4594–4598

82. Pontesa FM, Longoa E, Leitea ER, Varelab JA (2001) Study of the dielectric and ferroelectric
properties of chemically processed BaxSr1−xTiO3 thin films. Thin Solid Films 386:91–98

83. KingonAI,Marla JP, Streiffer SK (2000) Alternative dielectrics to silicon dioxide for memory
and logic devices. Nature 406:1032–1038



378 D. Gulwade

84. Morrison FD, Sinclair DC, West AR (1999) Electrical and structural characteristics of
lanthanum-doped barium titanate ceramics. J App Phys 86:6355–6366

85. Morrison FD, Coats AM, Sinclair DC, West AR (2001) Charge compensation mechanisms
in La-doped BaTiO3. J Electroceram 6:219–232

86. Morrison FD, Sinclair DC, West AR (2001) An alternative explanation for the origin of the
resistivity anomaly in La-doped BaTiO3. J Am Ceram Soc 84:474–476

87. Morrison FD, Sinclair DC, Skakle JMS, West AR (1998) Novel doping mechanism for very-
high-permittivity barium titanate ceramics. J Am Ceram Soc 81:1957–1960

88. Makovec D, Kolar D (1997) Internal oxidation of Ce3+-BaTiO3 solid solutions. J Am Ceram
Soc 80:45–52

89. Markovec D, Samardzija Z, Kolar D (1996) Solid solubility of cerium in BaTiO3. J Solid
State Chem 123:30–38

90. Shannon RD (1976) Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides. Acta Crystal A 32:751–767

91. Chen A, Zhi Y, Zhi J, Vilarinho PM, Baptista JL (1997) Synthesis and characterization of
Ba(Ti1−xCex)O3 ceramics. J Euro Ceram Soc 17:1217–1221

92. Chen A, Zhi J, Zhi Y (2002) Ferroelectric relaxor Ba(Ti,Ce)O3. J Phys Condens Matter
14:8901–8912

93. Yu Z, Ang C, Jing Z, Viarinho PM, Baptista JL (1997) Dielectric properties of Ba(Ti, Ce)O3
from 102 to 105 Hz in the temperature range 85–700 K. J Phys Condens Matter 9:3081–3088

94. Hennings DFK, Schreinemacher B, Schreinemacher H (1994) High-permittivity dielectric
ceramics with high endurance. J Euro Ceram Soc 13:81–88

95. Park Y, Kimb HG (1997) The microstructure analysis of cerium-modified barium titanate
having core-shell structured grains. Ceram Int 23:329–336

96. Hennings D, Schnell A, Simon G (1982) Diffuse ferroelectric phase transitions in
Ba(Ti1-yZry)O3 ceramics. J Am Ceram Soc 65:539–544

97. Lu HY, Bow JS, Deng WH (1990) Core-shell structures in ZrO2-modified BaTiO3 ceramic.
J Am Ceram Soc 73:3562–3568

98. Payane W, Tennery V (1965) Dielectric and structural investigations of the system BaTiO3-
BaHfO3. J Am Ceram Soc 48:413–417

99. Anwar S, Sagdeo PR, Lalla NP (2007) Study of the relaxor behavior in BaTi1−xHfxO3 (0.20
≤ x ≤ 0.30) ceramics. Solid state Sci 9:1054–1060

100. Abdelmoula N, Chaabane H, Khemakhem H, Muhll RVD, Simon A (2006) Relaxor or clas-
sical ferroelectric behavior in A-site substituted perovskite type Ba1−x(Sm0.5Na0.5)xTiO3.
Solid State Sci 8:880–887

101. Zhi J, Chen A, Zhi Y, Vilarinhi PM, Baptista JL (1999) Incorporation of yttrium in barium
titanate ceramics. J Am Ceram Soc 82:1345–1348

102. Bahri F, Khemakhem H, Simon A, Mühll RVD, Ravez J (2003) Dielectric and pyroelectric
studies on the Ba1−3aBi2aTiO3 classical and relaxor ferroelectric ceramics. Solid State Sci
5:1235–1238

103. Yao Z, Liu H, Liu Y, Wu Z, Shen Z, Liu Y, Cao M (2008) Structure and dielectric behavior
of Nd-doped BaTiO3 perovskites. Mat Chem Phys 109:475–481

104. Lu DY, Toda M, Sugano M (2006) High-permittivity double rare-earth-doped barium titanate
ceramics with diffuse phase transition. J Am Cearm Soc 31:3112–3123

105. Wang TH, Hsu PC, KorytovM, Genoe J, Merckling C (2020) Polarization control of epitaxial
barium titanate (BaTiO3) grownbypulsed-laser deposition on aMBE-SrTiO3/Si(001) pseudo-
substrate. J Appl Phys 128:104104

106. Everhardt AS, Denneulin T, Grunebohm A, Shao YT, Ondrejkovic P, Zhou S, Domingo N,
Catalan G, Hlinka J, Zuo JM, Matzen S, Noheda B (2020) Temperature-independent giant
dielectric response in transitional BaTiO3 thin films. Appl Phys Rev 7:011402

107. Ravez J, Simon A (1998) Relaxor ferroelectricity in ceramics with composition
Ba1−xKx(Ti1−xNbx)O3. Mat Lett 36:81–84

108. Bahari F, Khamakhem H, Garagouri M, Simon A, Muhll RV, Ravez J (2003) Dielectric
and Raman studies on the solid solution (1–x)BaTiO3/xNaNbO3 ceramics. Solid State Sci
5:1445–1450



18 Lead-Free Ferroelectrics: Barium Titanate … 379

109. Dai X, Xu Z, Li J, Viehland D (1996) Effects of lanthanum modification on rhombohedral
Pb(Zr1−xTix)O3 ceramics: Part I. Transformation from normal to relaxor ferroelectric behav-
iors. J Mat Res 11:618–625; Dai X, Xu Z, Li J, Viehland D (1996) Effects of lanthanum
modification on rhombohedral Pb(Zr1−xTix)O3 ceramics: Part II. Relaxor behavior versus
enhanced antiferroelectric stability. J Mat Res 11:626–638

110. Gupta SM, Li JF (1998) Coexistence of relaxor and normal ferroelectric phases in
morphotropic phase boundary compositions of lanthanum-modified lead zirconate titanate. J
Am Ceram Soc 81:557–564

111. Gulwade DD, Bobade SM, Kulkarni AR, Gopalan P (2005) Dielectric properties of A- and
B-site-doped BaTiO3.: La- and Ga-doped solid solutions. J Appl Phys 97:074106

112. GulwadeDD,Gopalan P (2009) Study of diffuse phase transition in BaTiO3-LaAlO3. J Alloys
Compd 481:316–319; Gulwade DD, Gopalan P (2008) Diffuse phase transition in La and Ga
doped barium titanate. Solid State Comm 146:340–344

113. LiuW,RenX (2009) Large piezoelectric effect in Pb-free ceramics. PhysRevLett 103:257602
114. Rodel J,WebberKG,DittmerR, JoW,KimuraM,DamjanovicD (2015)Transferring lead-free

piezoelectric ceramics into application. J Eur Ceram Soc 35:1659–1681
115. Acosta M, Novak N, Rojas V, Patel S, Vaish R, Koruza J, Rossetti GA, Rödel J (2017)

BaTiO3-based piezoelectrics: fundamentals, current status, and perspectives. Appl Phys Rev
4:041305

116. Noheda B, Gonzalo JA, Cross LE, Guo R, Park SE, Cox DE, Shirane G (2000) Tetragonal-
to-monoclinic phase transition in a ferroelectric perovskite: the structure of PbZr0.52Ti0.48O3.
Phys Rev B 61:8687–8695; Noheda B, Cox DE, Shirane G, Park S-E, Cross LE, Zhong Z
(2001) Polarization rotation via amonoclinic phase in the piezoelectric 92%PbZn1/3Nb2/3O3–
8% PbTiO3. Phys Rev Lett 86:3891–3894

117. Guo R, Cross LE, Park SE, Noheda B, Cox DE, Shirane G (2000) Origin of the high
piezoelectric response in PbZr1−xTixO3. Phys Rev Lett 84:5423–5426

118. LummenTA,GuY,Wang J, Lei S,Xue F,KumarA,BarnesAT,Barnes E,Denev S, Belianinov
A, Holt M, Morozovska AN, Kalinin SV, Chen LQ, Gopalan V (2014) Thermotropic phase
boundaries in classic ferroelectrics. Nat Commun 5:3172

119. Zhou C, Ke X, Yao Y, Yang S, Ji Y, Liu W, Yang Y, Zhang L, Hao Y, Ren S, Zhang L, Ren
X (2018) Evolution from successive phase transitions to “morphotropic phase boundary” in
BaTiO3 based ferroelectrics. Appl Phys Lett 112:182903

120. Ravez J, SimonA (2001) Some solid state chemistry aspects of lead-free relaxor ferroelectrics.
J Solid State Chem 162:260–265

121. Simon A, Ravez J, Maglione M (2004) The crossover from a ferroelectric to a relaxor state
in lead-free solid solutions. J Phys Condens Matter 16:963–970

122. Messing GL,McKinstry ST, Sabolsky EM,Duran C, Kwon S, Brahmaroutu B, Park P, Yilmaz
H, Rehrig PW, Eitel KB, Suvaci E, Seabaugh M, Oh KS (2004) Templated grain growth of
textured piezoelectric ceramics. Crit Rev Solid State Mat Sci 29:45–96



Chapter 19
Recent Advances on Ferrites
Nanomaterial’s as Photocatalyst
for Environment

Promod Kumar, Gajendra Kumar Inwati, Mohan Chandra Mathpal,
Jero Maze, and H. C. Swart

1 Introduction

Ferritematerials have beenwidely implemented toward the incremental development
in catalytic invention and technologies. Number of research findings were published
based on unsupported and modified ferrites to achieve their expected results in
the treatment of environmental pollutants such as organic dyes, inorganic heavy
ions, microbes [1, 2]. The extraordinary multifunctional personalities of ferrites
including superparamagnetic, no-toxicity, and chemical stability offered multiple
uses among the reported metal-oxides [3, 4]. The appropriate bandgap (≈2.2 eV)
with the required band position encouraged it as a potential nanocatalyst particularly
for breaking the molecular structures in organic dyes and heavy metal adsorption [4,
5]. In general, the physicochemical and catalytic processing of the ferrites (magnetite
(Fe3O4)/maghemite (Fe2O3) could be manipulated by applying different magnetic
fields [3, 6]. It is well known that ferrite materials have strong magnetic config-
urations including their thermal stability, mechanical strength with lower toxicity
[7, 8], used in multifunctional optoelectronics, catalysis applications. Apart from,
the simplest cost-effective preparation and environmentally friendly behavior of
these ferrites are genuine reasons to employ them as the strongest tools to over-
come the many environmental problems mainly photo-assisted pollutant purifica-
tions, remedial biodegradations [1, 9, 10]. The degradation of hazardous pollutants
such as inorganic and organic contents, releasing from textile and pharmaceutical
industries, is a serious issue for healthy water management and developments [11,
12]. To resolve such environmental objects several researchers have put their efforts
toward developing hybrid ferrite nanomaterials as advanced technology especially
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for biodegradations, and photochemical catalysis. Hence, ferrite materials are been
explored as a much suitable candidate for improving the catalytic actions under light
stimulated reactions. The decomposition of the hazardous pollutant was efficiently
triggered by the change in band gap energy and surface modifications in ferrites [13,
14]. Recently, extensive invention in designing and fabrication of modified ferrite
structure have been processed to develop the hybrid ferrites for the increased photo-
catalytic action and optimal processing. The electronic bands were optimized by
introducing heteroatom dopants/localized centers into the ferrite semiconductors.
The dopant centers promotes to the Photoelectochemical (PEC) performance by
increasing conductance and recombination rate. Several noble metal (Au, Pt, Ag,
and Pd) ions [11, 13, 15, 16] including another metal cations such as Ti, Sn, Tb, Ru,
Al, Mn, Co, etc., have been doped to adjust the electronic and physical properties
toward catalysis movements. In an example, Jang et al. [13] obtained an optimum
photocurrent density for the 50%Ag–50%Fe hematite co-doped with 2% Sn because
of improved electrical conductivity which was comparably higher than Ag-Fe binary
hematite. The photocatalytic redox reaction were well triggered by theWei et al. [16]
by inserting Pd metals on Fe2O3 which promote to the electron–hole transfer and
separations phenomenon. The redox based concept was explained in order to respond
the catalytic reduction and oxidation, takes place on Pd and Fe2O3 part of Pd-Fe2O3.

In a typical photocatalytic process, the photocatalyst typically uses photon energy
to carry out the oxidation and reduction reaction.When semiconductor nanomaterials
are irradiated by the light energy, which has energy greater or equal to the band-gap
of the semiconductor, then the electron is promoted from its valence band to the
conduction band and leaving holes in the valence band [17–20]. It is well known that
the photogenerated electron and hoes both react with O2 and H2O (or OH−) to form
the superoxide radicals such as O•−

2 and OH·, as shown in Fig. 1, respectively.
These superoxide radicals can be widely used for the degradation of the organic

pollutant into CO2, H2O, and other inorganic oxides.

Fig. 1 The basic mechanism of photocatalysis
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The mechanism of photocatalysis is shown in the below equations [18].

Photocatalyst + hν → e− + h+ (I ) (1)

H2O + h+ → OH + H+ (I I ) (2)

O2 + e− → O−
2 (I I I ) (3)

The OH· and O·−
2 both ions are produced by the redox reactions of the dye

molecules and produce smaller compounds and this leads to the degradation of the
dye. The superoxide anion radicals are formed when it reacts with H+ ions to form
more OH· radicals.

OH + Dye → dye(Oxidation) (4)

e− + dye → dye(reduction) (5)

Photocatalysis of dye molecules is not possible without dissolving oxygen and
H2O molecules as they produce the OH· radicals [18].

The basic principle of the photocatalysis mechanism is shown in Fig. 1. When
electromagnetic radiation is incident on a semiconductor, then electrons and holes
are formed. It has been observed that the different types of the semiconductors exhib-
ited the photosensitivity properties which are widely studied for the photocatalytic
application. After selecting suitable photocatalysts, the band-gap energy of the semi-
conducting nanomaterial’s generally decided the wavelength of the light, which can
be absorbed by the semiconductor materials. It is also noticed that the bandgap is

inversely proportional to the wavelength of light
(
E(eV ) = hc

λ
= 1240

λ(nm)

)
, where E

is known as the bandgap energy in eV [21].
Figure 2 shows the absorbance spectrum of the total energy from the solar energy

spectrum, which arrives at the earth’s surface in the form of ultraviolet (UV), visible,
and infrared (IR) radiation. It can be observed from the solar spectrum that the visible
region only absorbs 46% of the light energy from the Sun, while the UV region only
absorbs 5% of the light energy from the Sun, and the Remaining 49% of the light
energy is absorbed only by the Infrared region of the spectrum [20].

But, the main problem is that most semiconductors such as ZnO, ZnS, CdS, and
TiO2 have awide band-gap that absorbs only 4–5%of photon energy in theUV-region
from the Sun [18].

The other issue is the fast recombination rate of the electron and hole, which
reduces the efficiency of the photocatalyst [22, 23]. Various photocatalysts have
wide band gaps of more than 3.1 eV, capable of absorbing small amounts of sunlight.
It is therefore necessary to use the visible solar energy, which normally falls on
the earth’s surface, which is about 10, 000 times higher than the current annual
energy consumption [24]. Therefore, semiconducting nanomaterials with a bandgap
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Fig. 2 Solar energy spectrum. Reproduced with permission from Ref. [20], copyright elsevier

of 3.1 eV be essential for an effective photocatalyst to absorb solar energy [21]. It has
been widely accepted that TiO2 is one of the prominent photocatalysts used by the
researcher from the last decades due to its wide bandgap (3.03 eV rutile and 3.18 eV
anatase) and can therefore absorb only a small portion of the light energy of sunlight.

Therefore, ferrite materials combined with other photocatalysts such as TiO2

showed enhanced photocatalytic activities.When ferrite nanomaterials are combined
with TiO2, it shows higher efficiency of the photocatalysts than pure TiO2 nanomate-
rials. Because, the ferrite nanomaterials combined with TiO2 nanoparticles produces
a synergistic effect, showing enhanced photocatalytic activities, resulting in higher
degradation of the pollutant contaminations. Hence the ferrite materials combined
with TiO2 become more effective under visible light irradiation, as TiO2 is only
effective only under UV light [20].

The othermaterials such as ZnO,Ag,Ag3VO4,multicarbon nanotubes,WO3, etc.,
[20] combined with ferrite materials show similar effects and enhance the photocat-
alytic activity. The composites of ferrite with other materials showed the enhanced
photocatalytic by absorbing the visible light and found promising results for the
degradation of contaminants in water.

The main aim of the combined photocatalysts is to reduce the recombination
rate of the electron–hole pairs. Because the combined photocatalysts have different
bandgap positions, resulting effectively more separation of the electron–hole pairs,
which is the basic requirement for enhancing the photocatalytic activities.

The main objective of this chapter is to explore the ferrite nanomaterials and
their potential for the degradation of the contaminants in aqueous environments. The



19 Recent Advances on Ferrites Nanomaterial … 385

synthesis process, optical properties such as bandgap, steps to increase the photocat-
alytic efficiency of ferrites, and their potential to degrade the contaminants, such as
organic compounds including dyes, inorganic compounds, andbacteria are discussed.

2 Experimental Technique

Various chemical and physical technologies were processed to fabricate and alter
the structural surface of the ferrite crystal structure. Many researchers are trying
to develop an economical cheap and ecofriendly approach to design pure as well
as hybrid ferrite materials over the last few years. Based on easy handling and
processing in chemical reactivity, different methods such as sol–gel, hydrothermal,
co-precipitations, combustions, and sonochemical were employed. It has been
studied, the ferrite materials are very sensitive and modulated by several factors
including synthesis approaches, experimental parameters, and chemical environ-
ments. Here, we gathered literature-based experimental findings especially for
the morphological and electrical changes in ferrites for catalytic selectivity and
functionalities. In a sequence, the synthetic approaches are explained as follow.

2.1 Sol–Gel Synthesis

Controlledmorphologywith clear distribution in particleswas obtained by the simple
sol–gel techniques particularly for ferric and super ferromagnetic semiconductors. It
is used to obtain crystalline phaseswith uniform sizes of thefinal product. Themethod
involvedoptimum temperature for regular growth in nucleation andparticle structures
mediated by the required stabilizing agents depend upon morphologies and surface
modifications. Tang et al. [25] were formedmagnetite thin films using the same route
associated with thermal annealing at 300 °C while the higher temperature (350 °C),
produced the hematite phase of ferrites. So the experimental conditions strongly
affect the magnetism of the ferrites and hence the synthesis process moderates in the
case of magnetic nanoparticle formations. In this sol–gel, iron-oxides were mainly
produced using ferric nitrate as a precursor and ethylene glycol (polyol) as reducing
and cappingboth. It is also noted that the nitrate phasewas found chemically favorable
in sol–gel synthesis due to its easy solubility and ionic dissociation in solvents [26].

2.2 Co-precipitation

On this route, the shape, size, and composition of the synthesized ferrites can be
changed by regulating the stoichiometric ratios of Fe(II) and Fe(III) salts, pH of the
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used solution with the reaction time. The controlled geometry of the magnetic mate-
rials could be oriented under the influence of pH media mainly acidic environment
and its ionic strength, offering a good dispersion and stability for a narrow-sized
ferrite particle. A lot of procedures were reported based upon chemical precipita-
tion of the products surrounded by the stabilizers such as PVP, surfactants (cationic,
anionic), and other organic stabilizing agents. Organic ligands or polymeric struc-
tures generally assist in the particle size and their clustering during the reactionwhich
helps to restrict the dimensional growth of particles [27, 28]. After separating the
final product, it can be stored in the alkaline or acidic medium as a dispersed phase
for a long duration. However, for the oxidation variation in Fe(II) and Fe(III) state
of hematite and magnetite, the followed route is adopted as very feasible by facing
the experimental challenges. It has been considered as a most effective technique
over reported approaches due to its simplest processing, less space for performing
experiments, lower cost, and larger yield.

2.3 Hydrothermal Synthesis

To date, hydrothermal is successfully adopted to manufacture the metamaterials
including metallic nanoparticles, metal-oxide (semiconductors), clusters, etc. This
method involves polyol, alcohols, and water as an essential solvent either in an
individual or in a mixed phase. The precursor salts are used to dissolve in preferred
solvents at a fixed amount and then transferred into Teflon coated stainless still
for the reaction at higher temperature and pressure. Under hydrothermal, growth
of the particles takes place very slow for the specific morphology of the particles
on optimized experimental parameters. Li and coworkers employed hydrothermal
methods for the uniform distribution of the single crystalline ferrite microspheres
[29]. A colloidal mixture of FeCl3, polyol, and sodium acetate was prepared and kept
in an inert Teflon-lined autoclave at fixed reaction parameters (8–72 h at 200 °C).
The ferrite materials were prepared by followed hydrothermal to amend themagnetic
properties of the magnetite and hematite both. Often, a longer aging time is used
to carry the synthesis procedure to regulate the chemical kinetics and the growth
mechanism with the comparison of other methods.

2.4 Temperature-Induced Decompositions

For yielding solid crystalline semiconducting materials, thermal decompositions
have been preferred by the researchers and scientists as it does not require aqueous
media during synthesis. Themagnetic nanocrystal and oxides are essentially prepared
in terms of tunable magnetic, optical, and surface properties by using temperature
tempted reactions. Usually, the organometallic slats such as metal bonded acety-
lacetonates along with surface directing agents are used to dissociate at a higher
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temperature. The applied reaction temperature, time, and ratio of the precursors are
the decisive factors to achieve an expected structure of ferrites. It is known, the
fundamental characteristics of the metal oxides are manipulated due to the intrinsic
imperfection of crystals which depends on synthesis procedures. Monodisperse iron
nanoparticles were synthesized by Hyeon et al. [30] using Fe (III) chloride and
sodium oleate as starting materials and dissociates in an ionic form at different
temperatures ranged from 240 to 320 °C. The change in temperature with respect
to aging time triggers the chemical and physical properties of the magnetic nanos-
tructures. The obtained magnetic particles were found to be dispersed and stable in
an organic medium like toluene and hexane. Hence, this technique is performed to
produce ferrite materials with a structured shape and magnetic potential, used for
various optoelectronic, biomedical, and environmental applications. Besides that, the
biological method has been used as an alternative way to form iron oxides. Essen-
tially, the microbes, algae, and plant extract utilized in the synthesis procedure, due
to the presence of reducing agents such as ascorbic acids, citric acids, and organic
polyols [31, 32]. Green synthesis of the ferrite substances is also appreciated among
chemical components and manufacturing strategies due to non-toxic contents and
natural abundance.

2.5 UV–Vis Spectrophotometer: Optical Bandgap Study

UV–Vis spectrophotometer is oneof the simplest techniques for evaluating the optical
response of the pure and doped ferrites nanosystem. Easy handling and processing
of this technique is been significantly performed among the various instruments in
academic research and developments. To find out the electronic band positions in
modified ferrite systems, the spectral absorption phenomenon was utilized where
the observed spectra respond according to the modified band gap values. However,
the targeted band gap alteration can be made during the synthesis procedure under
certain experimental parameters. But, the separation between conduction band (CB)
and valence band (VB) could be identified in terms of bandgap energies (Eg) using
some theoretical model such as Tauc plots (αhν)2 = A (hν − Eg), and Kubelka–
Munk (α = (1−R)2/R2) function for the direct band.Where, α denote the absorption
coefficient, A is the constant, hν is photon energy, Eg is bandgap energy, and R stands
for reflectance. The relation between photon energy (hν) and wavelength (λ) of the
incident light is used to calculate the energy gap between CB and VB. F. Al-Mokdad
and colleagues, [33] engineered Eg values for the pure and Mo-doped MnFe2O4

ferrites using co-precipitation and studied its Eg values by applying the Tauc formula
for all samples. A decreased order in Eg values was observed from 2.12 to 1.81 eV
due to the decreased values (8.451(Å) to 8.395 (Å) of the lattice parameters in Mo-
MnFe2O4 crystals. Notably, the ionic radii of the doping ions, concentrations, and the
applied temperature affect the Eg values by creating the defect points/imperfections
in the bulk or and surface on host semiconductors [34, 35].
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A descending order in Eg values was obtained by Ni-doped hematite nanoparti-
cles. The different amounts (2–8% of Ni) were introduced in Fe2O3 structures and
calculated their band gaps which varied from 2.02 to 1.18 eV [36]. The partial substi-
tution of Ni ions into the hematite matrix caused the change in unit cell volume and
packed density of Fe2O3 semiconductor.

3 Steps to Increase the Photocatalytic Efficiency of Ferrites

Fundamentals of dopant ions and their influence toward better catalytic uses have
been studied in detail by several chemists and engineers. The surface selectivity and
the chemical reactivity of the doped catalysts are essentially tuned by the insertion of
wanted elements into the semiconducting materials (ferrites). The current progress
in material designing and its advanced functionalization invited to researchers for
expressing the elementary concepts based upon defects chemistry. Variousmetal ions
in the periodic table, expressed their electrochemical affinity while doping with the
ferrite structures due to appropriate ionic radii and overlapping in electronic bands.
However, as it was reported that the ferrites having a bandgap from 2.0 to 2.2 eV
which could be modified via ionic doping for the expected applications like removal
of dye pollutants, antimicrobial, and drug-resistant bacteria. We are going to report
some fundamentals concerning defects formation and its reasonable findings for the
betterment of photocatalyst appliances. The factors affecting the activities of the
catalysts could be understood by given facts.

3.1 Dopant Types and Rational Stoichiometric

Typically, alkali, transitional, and lanthanide ions are been selected for the rational
doping in semiconducting host materials. The available electrons in valance orbitals
likewise s, p, d, and f make them more favorable to interact with the atomic orbitals
of the metal oxides. Detailed theoretical and experimental reports were studied for
the orbital coupling between dopant and the central metal atom in metal oxides. The
choice of dopants depends on near similarities in ionic radii of doped ions and the
host metals, which allow forming a thermodynamically stable complex after doping.
To produce p-type ZnO semiconductors, noble metals such as Ag, Cu, and Au were
doped with ZnO by Yanfa Yan and groups, [37] and theoretically calculated their
transition energies to systemized complex formations using density functional theory
(DFT). It has been observed that the mismatch level in ionization energies and the
participating ionic orbitals determine the interstitial and substitutional doping inside
the host structures. For example, group-I ions (La,Na) form shallowacceptor levels in
Td geometries followed by interstitial sites but it also creates donor levels followed by
interstitial sites when the Fermi level is closed to valence bond maxima. Considering
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group-IB elements, Ag was found to be anticipated for producing p-type ZnO struc-
tures due to the formations of shallower accepter levels [37]. Though, transitional
Co ions were introduced inside the α-Fe2O3 ferrites to obtain controlled crystalline
structures which determine the catalytic proportion for Co-doped α-Fe2O3. The 4%
stoichiometric doping of Co was found to be more effective for the dye degradation
as compared to 2% of Co-α-Fe2O3 [3]. A fixed quantity of the dopant is detected as
ideal concentration for the efficient catalysts in spinel ferrites while the extra ions of
the dopant possess heavy obstructions on the open surfaces and become the reason
for aggregations or agglomeration, decreasing the activity during photocatalysis.
Therefore, the types, stoichiometric ratios with experimental conditions are the key
features to insert the dopant into the ferrites crystal lattice which direct the catalytic
performance in several applications.

3.2 Tunable Bands Position

As known, the structural, optical, and surface modification of the semiconducting
materials fundamentally depend on bandgap values which could be altered by intro-
ducing the ionic centers into the lattice of metal-oxide crystals. The ferrite materials
are been fabricated and explored due to strong magnetic and electronic magnitude
especially for light-based catalytic propagation in physicochemical systems. The
separation of CB and VB in iron oxides was already tailored by the doping of various
ions through the specific fabricationmethods and the set parameters during synthesis.
The doped ions can be introduced as interstitial or substitutional sites depending on
ionic radii and participating valence orbitals of the doped atoms. The change in
bandgap is caused by the generation of the lots of defects levels likewise oxygen
vacancies, metal interstitials (Mi), oxygen interstitials (Oi), on the surface as well as
bulk in ferrites. These imperfections mainly influence the perfect lattice orientation
of the host structures in terms of distorted geometry of the octahedral or tetrahedral
coordination and thus the electronic structure changes, respectively. Some major
outcomes were reflected to explain the doping concept in semiconductors including
crystal field theory (CFT) and discrete energy states for the bands. In this concep-
tion, CFT is supportive to evaluate a shifting in band gaps for the metal oxides. The
transitional iron (Fe) metals have their variable oxidation states, Fe (II) and Fe (III)
boded with the negative oxides ions. Thus, the ferrite complex shows tetrahedral
(Td) or/and octahedral (Oh) geometries with the attached ligands in coordination
compounds. When the dopant ion interacts with the surface of the ferrite it induces
an observable transition of (Fe)-d-orbitals by splitting into t2g and Eg energy states.
It is noted that the Eg orbital consists of the σ antibonding energy states while the
t2g is composed of π antibonding states. It is also noteworthy to observe that the
VB consists of the O 2p orbitals in iron oxides, having pπ excited levels (on the
top of VB) [35]. The doped ions create surface and intrinsic defects (oxygen vacan-
cies). Consequentially, integration in defects levels (deep levels) onto the band often
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decreases the band gap values in the semiconductors. In spinel ferrites, the varia-
tion in oxidation states of Fe (II&III) possess a substantial change in magnetic and
oxidation behavior and these belongings could be programmed for the biomedical
and ROS formations, respectively. The dopant ions modified the volume density in
perfect octahedral and tetrahedral orientation in spinel ferrites, resulting in a change
in magnetic and catalytic strength. It is also been evaluated that the overlapping of
s-p/p-d/or f-d atomic orbitals between the dopant and ferrites, changed the band posi-
tions by creating donor or acceptor levels near the VB and CB. And, this has been
acknowledged as a genuine reason for bandgap alteration for ferrites and several
metal-oxides.

Gajendra et al. [38] reported a defects level formation and its role to manipulate
the band gap values which respond differently in photoluminescence in the case
of pure and Rb-doped ZnO as shown in Fig. 3a. In another study, Lalit and co-

Fig. 3 Defects level in doped semiconducting materials: a Rb-doped ZnO nanostructures, Repro-
duced with permission from Ref. [38], copyright elsevier, b Co-doped ZnO band gaps, Reproduced
with permission from Ref. [39], copyright elsevier
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authors[39] have proposed an energy level band scheme for the Co-doped metal
oxides by showing itsmulti-step emission spectra corresponding to different bandgap
values as shown in Fig. 3b. So, the understanding of defects/imperfections has value
in the solid crystal formations and alteration in their physicochemical properties,
used in optoelectronic systems, and integrated devices.

3.3 Surface Morphology

The surface morphology of nanomaterials plays an important role in improving the
photocatalytic performance of ferrite materials [17]. It was further observed that the
photocatalytic activity of semiconducting photocatalysts increases with an increase
in their specific surface area, resulting in a decrease in the size of their particles. It is
well known that the small particle’s size has a larger surface area and the higher the
photocatalytic performance was achieved [40]. Because good photocatalysts have
high adsorption of pollutants due to their higher surface area, which is widely used
for efficient pollutant degradation in wastewater treatment [18, 41].

Therefore we can say that the specific surface area plays an important role in
the degradation of the organic pollutant and improves the photocatalytic efficiency
of the semiconducting nanomaterial. Because when the pollutants are very close to
the surface of the photocatalytic materials, they can be easily changed by the active
radicals by photocatalytic semiconducting materials during the reaction and easily
enhance the photocatalytic efficiency [42–45].

Zhang et al. [46] synthesized the bismuth ferrite nanomaterial using the
hydrothermal method and studied the photocatalytic activities of the synthesized
bismuth ferrite nanomaterial, which usually depends on the surface morphology of
the crystals under the influence of UV–Vis light. The photocatalytic activity of the
bismuth ferrites increases from sheets to cube under visible light irradiation. The
tunable morphology of bismuth ferrites was achieved due to the concentration effect
of hydroxide.

Wang et al. [47] also synthesized BiFeO3 nanomaterials using a sol–gel technique
and showed that both the morphology as well as the specific surface area have a
good impact on the photocatalytic activities of the synthesized nanomaterial under
visible light irradiation. Their studies showed that the photocatalytic activities of
BiFeO3 nanoparticles were found to be much higher than that of the BiFeO3 bulk.
Zhu et al. [48] synthesized hexagonal-shaped bismuth ferrite nanomaterials with
diameters of 10–50 nm using the hydrothermal method. Their study showed that
the photocatalytic activities of hexagonal-shaped bismuth ferrite nanomaterials were
found to be significantly better than that of the spherical-shaped perovskite bismuth
ferrite-based materials.

Pan Xiong et al. [49] synthesized CdS−MFe2O4 (M = Zn, Co) nanomaterials
using the hydrothermal method. Their study showed that the CdS − MFe2O4 (M
= Zn, Co) nanomaterials showed higher photocatalytic activity and photostability
than pure CdS toward the degradation of two dyes such as b RhB and 4-CP under
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visible-light irradiation. The photocatalytic performance of the synthesizedmaterials
increases significantly due to their higher surface area as well as the synergic effect
of CdS and ZnFe2O4(or CoFe2O4), which can lead to greater absorption and more
efficient charge separation in the visible-light region. Similarly, the crystallinity of
the nanoparticles improves the photocatalytic activities aswell as the charge transport
properties of the materials. The crystallinity of the synthesized nanoparticles can be
achieved under the influence of thermal treatments at higher temperature, however, it
can also increase the size of the nanomaterial. It has thus been demonstrated that the
fabrication techniques should be well organized by optimizing the specific surface
area of the nanomaterials without affecting the crystallinity.

3.4 Effect of Hetero-junction

The main purpose of the photocatalyst is to initiate or enhance the redox reaction
in the presence of the irradiating semiconductor nanomaterial according to the law
of semiconducting photocatalyst. When the electromagnetic radiation is incident by
semiconducting photocatalysts whose energy must be equal to or greater than the
bandgap energy of the semiconductor catalysts to complete the redox reactions. The
electron-holes are formed at the surface of the semiconductor nanomaterials and
recombine with each other. The recombination of the electron-holes dissipates the
input energy in the form of light or heat. Crystalline defects and electron–hole recom-
bination are often facilitated through scavenging. Therefore, the good crystallinity
of the nanomaterials can reduce the trapping points as well the recombination sites,
resulting in the increased formation of the photo-generated charge carriers for a
favorable reaction. It is also well known that the recombination cannot authorize
for the preferable photo-catalytic performance. Hence, a suitable method is applied
to increase the efficiency of the photocatalytic in which a semiconductor hetero-
junction is formed with another semiconductor [18, 50, 51]. When these different
semiconductors combine between two components with different bandgaps, it results
in an interfacial band arrangement is known as a heterojunction. Hence, a Schottky
barrier is formed at the semiconductor heterojunctions, which reduces the recombi-
nation rate of the photogenerated electron, and electron-holes, which improves the
photocatalytic activities [52, 53].

Zhang et al. [54] synthesized BiFeO3/Bi2Fe4O9 heterojunction nanofibers using
an electrospinning technique followed by a facile wet chemical process. Their result
showed that the band-gap energy calculated fromUV–visiblewere found to be at 2.15
and 1.96 eV for BiFeO3 and Bi2Fe4O9, respectively, and conduction band positions
of BiFeO3 and Bi2Fe4O9 was observed at 0.43 eV and −0.77 eV, respectively. The
valence bands (VBs) of BiFeO3 and Bi2Fe4O9 were observed at 2.58 and 1.19 eV
according to their XPS-based results, respectively. A heterojunction is formed by the
combination of BiFeO3 and Bi2Fe4O9, respectively. When visible light is incident
on both BiFeO3 and Bi2Fe4O9, both have different photo-absorption ranges as shown
in Fig. 4.
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Fig. 4 Schematic illustration for the electron–hole transport at the interface of the
BiFeO3/Bi2Fe4O9 heterojunction nanofibers, Reproduced with permission from Ref. [54], copy-
right ACS

The conduction band position of BiFeO3 was observed at 0.43 eV, which indicates
the poor reduction of H+ into H2. On the other hand side, the conduction band
position of Bi2Fe4O9 was observed at −0.77 eV, as a result of which the photoactive
electrons in the Bi2Fe4O9 CB show a stronger reducing ability to split water than
pure BiFeO3. In this case, the photogenerated electrons in the conduction band of
BiFeO3 move to the valence band of Bi2Fe4O9 and are associated with the holes
in its valence band. This type of charge transfer process eventually increases the
separation of electron/hole pairs and suppresses their recombination, thus leading
to enhanced photodegradation performance and higher H2 evolution performance of
BiFeO3/Bi2Fe4O9 samples under visible-light irradiation.

4 Ferrites for Photocatalytic Applications

On photocatalysis, ferrite catalyst excited by the certain frequency of the electro-
magnetic radiations especially in UV and visible regions. Usually, semiconducting
materials have been promoted for photon-stimulated catalysis due to their optimum
bandgap energies, which require fixed excitation energy to produce the electron–hole
pairs. Recent advances in hybrid ferrites and their wider applications have opened
multidisciplinary scientific research and academic knowledge for multifunctional
applications owing to their characteristic superparamagnetic and physicochemical
functionalities [4, 55]. In this regard, ferrites stand out among various metal oxides
having their optical band gap energy ranging from 2.0 to 2.2 eVwhich is found to be a
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favorable band position for the harvesting of visible light (up to≈600 nm) in the solar
spectrum. For the photo-generated charges, it is very compulsory to apply excitation
energy that must be equal to or more than the bandgap energy of ferrites (semicon-
ductors), resulting from the fast creations of electrons and holes on conduction band
(CB) and valence band (VB), respectively. The excited charges subsequently initiate
the process to generate reactive oxygen species (ROS) such as OH*, O2* and O2H*
radicals on the ferrite surfaces. The ROS chemistry on the surface is mostly accepted
for the photocatalytic degradation of pollutants and antimicrobial damages in waste.

4.1 Ferrites Spinel Towards Photocatalytic Degradation
of Pollutants (Dyes)

The delayed rate in charge recombination rate and fast production in reactive ROS
constituents are mostly studied for the better photocatalytic degradation of aromatic
dyes, adsorption of toxic elements, from the environmental pollutants. For investing
the photoconductive and photothermal applications of ferrites, Noshan Nazar et al.
[1] successfully produced iron-oxides using pomegranate seed extract under green
synthesis and obtained around 96% efficiency for the textile dye degradation. The
adjusted narrowbandgapof the prepared ferriteswas found to bemuch suitable for the
harvesting of UV light during the degradation process. Also, different morphology
of the ferrite materials was achieved by Manjula Shenoy and their group, [56] using
the simplest hydrothermal process. In this case, hexagonal ferrites were found more
efficient for the methylene blue (MB) degradation as compared to the oval and aggre-
gated iron oxides. The photo persuaded dissociation of dye was carried out using
different nanostructures of ferrites such as nanoparticles, nanoclusters, and nano-thin
film. Ferric oxide (α-Fe2O3) thin filmswere developed to engineer the bag gap values
by Mahadik [12] and their colleagues. The spray pyrolysis technique was employed
to fabricate the ferrite thin films and used to dissociate heterocyclic organic contam-
inants mainly Rhodamine B on solar illumination. It has been reported, the chemical
reduction of Fe3+ to Fe2+ take place on the catalyst surface by the constant illu-
mination of solar energy and the reduced iron ions speedily degrade to hydrogen
peroxides followed by chemical reduction, resulting in an increased population of
hydroxyl radicals on catalyst surface as shown in Fig. 5.

Spherical iron oxide (α-Fe2O3) nanoparticles were prepared by Abdel-
majid Lassoued et al. at low temperature by chemical precipitation and then annealed
at different temperatures (600–800 °C) to alter the morphological, optical, magnetic,
and photocatalytic functionalities [57]. Around 2.1 eV, bandgap valueswere obtained
for the bare sample and the bandgap varied with the calcination temperatures along
with magnetic properties. It is observed that the optimum calcination at 700 °C
showed a better band gap value including higher magnetism for the methylene blue
dye (MB) degradation. Looking toward dimensional confinement, one dimensional
(1D) hematite (α-Fe2O3) nanorod along with α–FeOOHmagnetic rods were formed
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Fig. 5 Photoelectrochemical degradation scheme by α-Fe2O3 photoelectrode, (S: organic pollutant
and S+: intermediate), Reproduced with permission from Ref. [12], copyright elsevier

by Xuemei Zhou and coworkers [58] via thermal dehydration. In this study, a syner-
getic role of elemental compositions, sizes and the defected local structures were
proposed for the efficient decomposition of Rhodamine B dye with the comparison
of α-FeOOH composites. The nanoscale hematite particles were found to be more
active than the micro-sized for the catalysis reaction due to their confinement effect
and higher surface area. Further, an 83 and 95% reduction of phenol red and crystal
yellow were observed on sunlight and fluorescent light, respectively by Nathan et al.
from the biosynthesized hematite nanoparticles [59]. The higher amount of the cata-
lyst decreased the degradation power of organicmoleculesmaybe due to the blockage
in active sites of ferrite surfaces.

However, pure ferrites showed speedy charge recombination and a low lifetime
excited state during catalysis and such practical factors make them limited for several
catalytic procedures. In alternate, heterogeneous magnetic nanoparticles are struc-
turally engineered to attain controlled optical, magnetic, and electronic properties
using different synthetic routes [60, 61]. Various desired elements such as noble
metals, rare earth ions, and dimensional confined thin films were impregnated with
the magnetic nanoparticles particularly for enhanced photocatalysis of dye degra-
dations, heavy metal extractions, adsorptions, and purifications [8, 55, 62]. These
transitional, lanthanides, or thin films and their compositional ratios play an intense
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stroke to adjust the recombination rate of electron–hole pairs during photo-mediated
catalysis of ferrites. Numbers of articles are available based on catalytic work func-
tion especially for modified magnetic nanoparticles including their optoelectronic
and photocatalytic properties in the last few decades [8, 55, 63]. Here, we focused on
the fundamental characteristics of the ferrites toward catalytic applications induced
by solar energy by considering much-appreciated examples. However, metal-doped
magnetic nanoparticles (heterogeneous photocatalysis) have been recognized as a
reliable material owing to their easy recyclability, durability, high efficiency, and
low-cost tendency [61]. For an efficient nanocatalyst, the recombination rate must
be longer so that the light-induced free electrons and holes could involve in radical
formations on the catalyst surface. It is studied that the doped iron oxides showed a
higher catalytic rate as compared to pure ferrites due to electronic change in bandgap
energies and surfacemodifications. To increase recombination time, modified nanos-
tructures of the ferrites are in higher demand for dye degradation, water splitting,
andwastewater decontaminations. In particular, silver (Ag), gold (Au), platinum (Pt),
and palladium (Pd) are considered as the most suitable elements due to their unusual
plasmonic, and catalytic functionalities [4, 55, 63, 64]. These noble metals felicitate
a high performance in photocatalysis by absorbing a wider range of sunlight due to
their large surface area, surface plasmon resonance (SPR), and quantum confinement
effect. For the dopedmetal ions in semiconductors, mainly two conditions are studied
based on Fermi level energies; Fermi level energy can be lower or higher than the
conduction band (CB) of the semiconducting materials (ferrites). In both situations,
doped ions are helpful to regulate the catalytic activities under photoirradiation in
the UV–Vis region. The photoexcited free electrons of the metal ions can be easily
transferred to the CB of ferrites and effectively contribute to stimulating the redox
reaction by delaying in recombination speed of electron-holes combines [36].

For instance, EmanAlzahrani designed rectangular and squares-shapedAg-Fe3O4

nanostructures under coprecipitation to catalyze the eosin Y dye contents on UV
irradiations [65]. Comparably, higher degradation performance (90.12%) of eosin
Y was obtained using Ag-Fe2O3 nanoparticles over pure Fe3O4 (40%) due to the
involvement of noble Ag as shown in Fig. 6, respectively. The doped Ag ions adapt
to the free electrons on the surface and regulate the recombination process between
electrons and holes which determine the photocatalytic efficiency. Generally, noble
metal does not affect by the dye effluents or pollutants while the ferrites can be
easily separated due to stronger magnetic behavior, and thus the catalyst could be
reused for further catalytic applications. The chemical stability and recyclability are
the key parameters to reuse the catalyst and with this point of view, modified iron
oxides have proven their superior personalities correspond to other metal oxides in
photocatalysis. In the above case, it was found that there was no significant loss
in catalytic progress in Ag-Fe3O4 and therefore, it reused three times more for the
photocatalysis cycle [65]. This is because of inertness in physicochemical properties
of noble metals and the easier segregation of the ferrite materials under magnetic
field [63, 64].
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Fig. 6 Degradation of eosin
Y using Ag-Fe3O4, and b
Degradation rate concerning
irradiation time [65], open
access

In addition, defects harmony of the ferrites has been explored to understand the
bandgap alteration and surface changes for the progressive enactment in photocatal-
ysis. Moreover, doped and co-doped nanostructures of the magnetic materials are
been implemented for the expected outcomes in the catalysis-based chemical reac-
tions [5, 36]. For example, the bandgap of Fe2O3 nanoparticles was attuned by the
Abdelmajid Lassoued and group by the doping of Ni ions at different stoichiometric
amounts. The Ni-doped Fe2O3 nanostructures showed an effective decolorization
of methylene blue (MB) over pure Fe2O3 [36]. The modified bandgap of hematite
supports the late recombination for electron–hole charges on visible light. Doped Ni
ions increase the electron transport properties, resulting in improved photocatalytic
activity of ferrite materials. It has become a fundamental observation to determine
the electron transport properties of photocatalyst by performing the photoelectro-
chemical (PEC)measurements [36]. PEC results determine the charge recombination
frequency for the semiconducting materials during catalytic functions. Normally, the
doped ions help to increase the electron transport nature of semiconductors due to the
formations of defects on the surfaces, interfering in the recombination of delocalized
electrons at band positions. It is known, catalytic work of the catalyst boosts up by
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having a large surface areawith confined particle sizes. But the paradigmhas changed
over the years that is catalyst must have specific active surface sites for the adsorption
and or absorption phenomenon for the estimated photocatalysis. By the doping of
metal ions, surface sites and the bandgap energies could be structurally moderate in
ferrite substances to tackle the catalytic mechanism. The doped materials may have
different morphologies (active faces) due to the change in surface energy caused by
doped ions. The role of different morphologies with their different exposed surface
sites was studied by Amoresi et al. for CeO2 semiconductor in order to achieve
enhanced photocatalytic efficiency [66]. The rod, rod/cube, bean, and hexagon-like
morphologies were developed with the different coordinated planes and then used
to decompose the micropollutants. Theoretically, it was observed that the exposed
surfaces have the different electrostatic potential of exposed surfaces, which actively
involve damaging the antibiotic and dye components in micropollutants. Also, the
defects and imperfections affect the band energies and the surface geometry of the
semiconductors. In this context, Promod Kumar et al. observed a significant interfer-
ence in electron–hole recombination by the doping of rare Rb ions in ZnO crystals
[67] and evaluated increased electron transport properties, delayed the charge recom-
bination for photocatalytic performances. Overall, the ionic vacancies, interstitials,
and/or surface defects interrupt the charge carrier transportation inside the semicon-
ductors by forming impurity bands.Although, the point defects such as oxygenvacan-
cies are most commonly performed as a central player in ferrites or iron oxide-based
research. The reported studies revealed that the superconductivity of the magnetic
oxides can be improved by creating dopant centers in magnetic oxides, employed
in catalytic, ionic conductivity, and energy harvesting aspects. Consequently, defect
concepts in ferrite reflects a deeper understanding towards experimental and theo-
retical evaluations in oxide-based technology. Moreover, Mahadik et al. [63] have
fabricated anAu-doped Fe3O4 photocatalyst (thin films) using spray pyrolysis for the
photoelectrocatalytic degradation of salicylic acids as shown in Fig. 7, respectively.

The results showed about 45% more degradation efficiency for the 2% of Au-
Fe3O4 nanomaterials as compared to undoped Fe3O4 [63]. The Au (III) helps to
absorb a large amount of the incident light in the visible region on the Fe3O4 surface
and it allows direct electrons scavenging by the Au nanoparticles. This determines a
rapid production of the exciting radicals, resulting from a fast redox in organic and
inorganic pollutants. The durability and the chemical stability increase, especially
by the contribution of noble metals and that, is why such plasmon-based ferrites are
highly used in heavy metal removal, and dye degradations.

Yat Li et al. [2] fabricated Ti-doped Fe2O3 films employing deposition-annealing
technique using iron (III) chloride as Fe precursor. The photoelectrochemical activity
of the designed catalyst was enhanced by optimizing Ti and Fe concentrations and
certain stoichiometric ratioswere shown an improved conversion efficiency in photon
energy to the photocurrent. The higher photocurrent was assigned to the higher donor
densitywith reduced charge recombinationdue to insertedTi dopant inFe2O3 crystals
which are strongly used in photoexcited water oxidation reactions.
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Fig. 7 Excitation spectra for
salicylic acid decomposition,
and b Kinetics plot for pure
and 2% Au: Fe2O3 thin
films. Reproduced with
permission from Ref. [63],
copyright elsevier

In a strategical study of enhanced photocatalysis, Co-doped Fe2O3 magnetic
nanoparticles were used to catalyze the MB dye on UV-light [3]. Rhombohedral Co-
Fe2O3 nanostructures were used to degrade the heterocyclic organic compounds. It is
proposed, the cationic components of the MB dye interact with the negative surface
of the catalyst via electrostatic adsorption and dissociate to the aromatic molecules
into possible derivatives. The doping of Co helps to increase the combining effect
between electron–hole species, resulting from the enhanced photocatalytic elimina-
tion (92%) of dye contents at 4% of Co concentration as compared to 2% of Co
dopant as shown in Fig. 8.

Similarly, transitional metals such as Co and Mn-doped Fe3O4 nanostructures
weremadeonmicrowave-assisted co-precipitation byA.Wahab et al., to fragment the
synthetic MB dye on continuous irradiation of visible light [8]. Both the transitional
metalswere foundhighly effective towardbandgap engineering inFe3O4 solids due to
dopant effects. The optical andmagnetic behavior were upgraded in order to improve
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Fig. 8 UV–Vis spectra for a pure MB solution, b pure Fe3O4-MB solution, c 2% Co-Fe3O4 and
4% Co-Fe3O4 , Reproduced with permission from Ref. [3], copyright elsevier

the catalytic quality of the magnetic nanocatalysts for wastewater treatment. It has
been studied that the doped ions create possible trapping levels or and deep levels at
the bottom of CB in iron oxides. These levels capture the free electrons, generated
from photo-induced dissociation of electron-holes and become the reason for longer
charge separations. A simple co-precipitation method was performed to moderate
the electronic and structural features of the iron oxide (Fe2O3) nanostructures by
Sivaranjani et al. [68]. It was seen that the doped iron oxides showed considerably
higher photocatalytic action against MB dye. Zn ion was aimed to introduce in
Fe2O3 lattice in the form of interstitial dopant centers because of almost similar
valence properties. The band edges shift in Fe2O3 crystal and the photosensitization
reaction takes place for the MB dissociation on visible light. It is also considered
that the oxidation of Zn takes place at a higher concentration of dopants along with
Fe3+ to Fe2+ reduction, which may simultaneously accelerate the rapid formation of
hydroxyl radicals by the decomposition of H2O2 on light illumination.

Recently, 2Dmaterials such as graphene, carbon nanotube (CNT), carbon nitride,
and boron nitrite have gained considerable attention for the best utilization of solar
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power in energy conversion integrated circuits. Various techniques such as photo-
voltaics, and photocatalysis have grown as advanced tools for renewable energy.
Many optoelectronic devices and sensors are constructed based upon solar energy
conversion efficiency to resolve the energy shortage in recent progress in sustain-
able energy. Therefore, researchers have targeted the new class of metamaterials for
the designing and development of multicomponent microsystems. Particularly, iron-
oxides (magnetic nanomaterials) are integrated with the carbonaceous 2D materials
(graphene, CNT) tomanufacture the hybrid catalysts in chemical industries and labo-
ratories [69, 70]. Todischarge the industrial contaminants containing toxicmetal ions,
heterocyclic organics, and microorganisms, these supported magnetic materials are
usedon a large scalewhere the 2Dcomponents retain the chemical stability and longer
durability. At present, numerous research groups have published their work based on
the utmost decomposition of aromatic complexes especially thiazineminerals, which
caused lung infections, hyperhidrosis, and mental problems. Therefore, this topic is
highly focused on advanced research and development in photocatalysis. Singh et al.
have studied a remarkable enhancement in photocatalytic systems using metal oxide
catalysts associatedwith graphenematerials owing to its large surface space and recy-
cling personalities [71]. It is demonstrated, the graphene sheets bonded with ferrites
possess open active surfaces which means larger atomic centers for stimulating the
redox mechanism during photocatalysis. The honeycomb structure of the graphene
referred to a higher mechanical strength, and flexibility to carry the amazing catalytic
impacts of the ferrite composites. Likewise, fascinatedRGO@α-Fe2O3 nanocompos-
ites were found more competent against individual reduced graphene oxides (RGO)
and α-Fe2O3. The functionalized RGO@α-Fe2O3 materials due to enlarged robust
faces, providing numerous oxygen vacancies which play an imperative character for
delaying in charge recombination. By using this RGO@α-Fe2O3 catalyst, around
99% degradation of MB dye was claimed by Kasimayan Uma and colleagues [70]
on visible region. Notably, 2.5 and 0.7 times more photodegraded efficiency was
verified as compared to pure RGO and α-Fe2O3 nanostructures and the reusability
along with stability confirmed by the recycling process.

In another class of carbonaceous sheets, [72] CNT has been admired for the
removal of phenol from contaminant water using modified ferrites loaded with CNT.
The adsorption of phenolic substance was analyzed using the Freundlich model,
which suggested a strong impact on the adsorption tendency of phenolic ions on the
impregnated CNT-Fe2O3 surfaces. Analogous to graphene, hexagonal boron nitride
(h-BN) also possesses phenomenal physicochemical and adsorption features toward
organic dyes, and inorganic pollutants eliminations. Due to rapid solution proces-
sibility, active surface area, and high polarity of B-N bond, h-BN (called white
graphene) has preferred to serve as catalysts for pollutant removal from the envi-
ronmental waste [73]. Besides that, pure HB also has the same bond length as the
graphene with similar honeycomb structures which behave as an insulator (5–6 eV
bandgap) [74]. For the tunable optical and electronic properties of these 2D-supported
ferrite materials were used for a longer charge separation mechanism, resulting from
charge transportation ability during the photocatalytic process. Light-driven photo-
catalytic removal of dye molecules was carried out by the Manjula R. Shenoy et al.
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[75] employing ά-Fe2O3/h-BN composites. The chemical kinetical and mechanism
exhibited around 91% decay of MB dye where 5% decay in case of h-BN combined
with the ά-Fe2O3. The recycling study was also done for the reuse of catalysts which
proved that the functionalized ferrite materials are highly suitable for large-scale
mineralization in waste water. Carbon nitride (C3N4) has also attracted huge consid-
eration owing to its appropriate band gap value (2.7–2.8 eV) along with thermo-
chemical stability, and non-toxicity [76]. Boron-doped C3N4 supported NiFe2O4

nanocomposite were explored towards the enhanced performance of photo-driven
decomposition of MB under visible illumination where B-doped C3N4 were synthe-
sized by thermal condensation and Ni loaded Fe2O4 prepared by the economical
sol–gel method by Surabhi kamal and group [76]. The higher degradation (98%)
of MB was achieved using C3N4/NiFe2O4 nanomaterials as compared to pure B-
doped C3N4 and NiFe2O4 as shown in Fig. 9, respectively. Alteration in the bandgap
of C3N4/NiFe2O4 (2.05 eV) structures and its response to absorbing visible light,

Fig. 9 Photocatalysis
degradation of MB using
B-doped C3N4/NiFe2O4,
and b plot of time versus %
of dye remained [76], open
access
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allowed them to improve the catalytic action than the pure C3N4 (2.65 eV) and
NiFe2O4 (2.38 eV). These electronic band positions were found to be responsible
for the almost complete decomposition of heterocyclic organic structures from the
environmental pollutants.

4.2 Photocatalytic Antibacterial Enhancement in Ferrites

The killing factor in antimicrobial agents was improved and implemented in biomed-
ical sectors over the past few years. The development and success in cost-effective
medicines and chemicals have attracted extensive interest in formulating biocompat-
ible antibiotic carriers in pharmaceutical industries and laboratories at large scale.
The advanced metamaterials with their exceptional functionalities assembled and
extremely processed in the field of photo-based antimicrobial research and inno-
vations. However, ferrites have shown their potentials in biomedical fields due to
unique magnetic and electronic properties, allowed them as the strongest candidates
for the diagnosis of diseases, drug carrier, and deliveries, over the studied metal
oxides [77]. Numbers of experimental and theoretical database studies are addressed
for the antibacterial aspects of ferrite substances. Besides, the role of light has been
directed for the rapid formation of the ROS species on the ferrite surfaces to raise
the separation period between electrons and holes. Wider applications of ferrites
have been published for the antibacterial performances induced by UV light. In this
section, we will cover some of the ferrite-based antimicrobial findings to conceptu-
alize the ROS generations and delayed recombination process on illuminated light.
Therefore, various spinel ferrites were formed at the micro and nanoscales like
Ag-CuFe2O4@WO3 nanocomposite were synthesized by Mohammad et al. [78]
and found its light-driven antibacterial mechanism. The formation of ROS radicals
exist a vital character to increase the recombination time in ferrites and enhance the
antibacterial activity. The bonded metal ions initiate to form multiple bands into the
ferrites which delayed the recombination, already discussed in the above sections.
The relation between ROS production and late recombination is the widely accepted
reasons for the gathered photocatalytic research. Hence, the role of light found to
be necessary for catalyzing the ferrites and for producing active ROS which partic-
ipate to damage the antibacterial cell. In a mechanism, the free radical ions insert
into the bacteria membranes which caused a disturbance in metabolic processes. The
damage in cell lines caused leakage of cytoplasm in bacteria and such abnormal
media destroy the organelles eventually, restricting the normal growth in cells. Jesu-
doss et al. [79] deduced a systematic cell killing mechanism on light illumination
using ferrites Mn1-xNixFe2O4 nanocomposites against Gram-positive and negative
bacteria as shown in Fig. 10, respectively.

For more clearance, ferrite nanosystems [79] were used for the antibacterial
studies against the Gram-positive (Staphylococcus aureus and Bacillus subtilis)
and Gram-negative (Pseudomonas aeruginosa and Escherichia coli) species. They
revealed the role of excited free electrons and holes as reducing and oxidizing
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Fig. 10 A Zone of inhibition observed by Mn0.5Ni0.5Fe2O4 nanoparticles against the different
bacterial strains; B Inhibitory zone w.r.t. the standard streptomycin toward bacteria; C: (a) System-
atic antibacterial process for the Mn1-xNixFe2O4 magnetic nanoparticles, (b) inhibition activity
of bacterial growth by the nanoparticles, Reproduced with permission from Ref. [79], copyright
elsevier

agents. The free electrons interact with the oxygen molecules at the top of CB and
produce superoxide anion (O2

−•) by reduction which degrade water and produces
toxic hydrogen peroxide (H2O2) whereas holes generate active hydroxyl ions (OH*)
via oxidation reactions. These radicals are highly pressed to improve photocat-
alytic antibacterial studies in the case of ferrites and their derivatives. Overall, the
spinel ferrites shown their remarkable photo tempted biomedical applications such
as bioimaging cancer therapy, diabetes medicine, and developments in vaccines.

5 Conclusion and Future Perspective

This chapter gives a comprehensive overview of the synthesis techniques of ferrite
nanomaterials with their potential applications in photocatalysis such as the degra-
dation of organic contaminants. In the present scenario, the various techniques are
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discussed for the synthesis of the ferrite nanomaterials with their tunable shape
and size properties, which ultimately influence the photocatalytic activities. Ferrite
nanomaterials and ferrite nanocomposites are known as a promising new class of
photocatalytic materials andwere found a suitable candidate for the photocatalysts to
address many global environmental problems such as organic contaminants, removal
of heavymetal toxic ions, and antimicrobial applications. Two different semiconduc-
tors combine between two components with different band-gaps under visible region
response, which results in an interfacial band arrangement as known as a heterojunc-
tion. Hence, a Schottky barrier formed at the semiconductor heterojunctions which
reduced the recombination rate of the photogenerated electron, and electron-holes
pairs, which improve the photocatalytic activities.

Therefore, the photocatalytic activity of ferrite-based heterojunction materials is
enhanced, due to the delay in the charge recombination rate, extended light adsorp-
tion, enhanced light absorption efficiency, enhanced charge separation efficiency,
and transport properties. There are various factors such as electron–hole pair disso-
ciation, recombination rate, temperature, pH, catalytic structure, and intensity of
incident light which are responsible for the photocatalytic activities of ferrite nano-
materials. Thus the ferrite nanomaterial’s with its excellent chemical stability, which
shows the ability to treat wastewater and other industrial effluents. Thus we can
say that in the future, notable efforts should be made for the commercialization of
ferrite nanomaterials doped with other semiconducting or plasmonic nanoparticles
for practical use in industries for wastewater treatment.

The photocatalytic activity of ferrite nanomaterials and ferrite nanocomposites
for the degradation of other pollutants such as antibiotics, pesticides, and other
organic pollutants should remain an area of scientific interest until exciting results
are acquired.
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Chapter 20
Polycrystalline Alkali Niobate
Piezoelectric Ceramics Sintered
by Microwave Technique

Irom Monika Aniz and Mamata Maisnam

1 Introduction

Piezoelectricity comes from the Greek word piezo meaning pressure. It is an effect
that arises due to specific microscopic structures in crystalline solid. Piezoelectric
phenomena convert mechanical energy into electrical energy and vice versa which
originated due to the induced displacement of ionic charges within the crystal struc-
ture. Piezoelectricity occurs in crystals where the unit cell does not have a center
of symmetry. When no external stress is applied, the crystal exhibits asymmetrical
charge distribution and zero net electric dipole moment. On application of external
stress, the initial symmetry is disrupted and an intrinsic electric field develops due
to charge displacement and the development of polarization out of the displaced
charges. Since piezoelectric materials produce internal electric potential under the
application of an external force or vice versa, they are often referred to as smart
materials and occupy vital roles in our day-to-day life in different ways. Various
naturally occurring crystals like quartz, sucrose, Rochelle salt, Topaz, Tourmaline
exhibit piezoelectricity. However, recent modern devices attempt to use polycrys-
talline ceramics, which are fabricated easily and shaped at a low cost. Some piezo-
electric ceramics materials such as barium titanates, lead zirconate titanates (PZTs),
bismuth sodium titanates, alkali niobates, etc. show piezoelectric phenomena and
among them, PZT is most widely used for its high-performance characteristics.
For decades, PZT ceramics have dominated the technological industries and market
due to their magnificent and outstanding piezoelectric properties. However, its main
component: lead oxide (almost 60%), is highly toxic leading to extreme environ-
mental concerns. Piezoelectric ceramics generally have the perovskite ABO3 struc-
ture. The perovskite structure undergoesmany phase transitions such as cubic, tetrag-
onal, rhombohedral, orthorhombic, monoclinic, etc., beyond the Curie point. Below
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the Curie point, different regions called domains containing spontaneous polariza-
tion constitute the crystal that orients themselves in different directions, and these
regions are separated by walls called domain walls. Piezoceramics do not show
spontaneous polarization and piezoelectricity because the ceramics are composed
of randomly oriented domains in different directions, resulting in the cancellation
of spontaneous polarization and net-zero polarization. To exhibit piezoelectricity,
methods such as “poling”may be adopted by applying a static electric field to polarize
the domains. If the polarization changes its direction with the application of elec-
tric fields a phenomenon known as ferroelectricity develops in the materials. The
electric field required to reorient back the polarized domains is called the coercive
field involving domain wall motion. Technically important physical parameters for
piezoelectric materials includes relative permittivity, dielectric constant, piezoelec-
tric coupling factors to name a few and thorough studies of these properties are
essential to understand the piezoelectricity showing materials [1–3].

2 Potassium SodiumNiobate (KNN)

The general formula of alkali niobates is ANbO3 where A is alkali metal. Potas-
sium Niobate (KNbO3) is ferroelectric having orthorhombic symmetry and sodium
Niobate (NaNbO3) is the anti-ferroelectric having orthorhombic symmetry. A
specific composite compound comprising of KNbO3 and NaNbO3 as constituents
have been developed as what is known as potassium sodium niobate, with compo-
sitional formula KxNayNbO3 (KNN), where x and y may be equal or may differ.
This material family emerged as promising candidates for substitutes of lead-based
ceramics owing to its high Curie temperature ~420 °C and comparable piezo-
electric performance as that of the PZT family. Tailoring varieties of KNN have
been in progress with an effort to achieve the higher piezoelectric properties in
these perovskite-structured ferroelectrics. PotassiumSodiumNiobates (KNNs) being
a ferroelectric system with highly complex perovskite structured (ABO3) body-
centered cubic lattice where A denotes the lattice point at the corner of the cube
which is occupied by K or Na, Nb occupies the B sites lattice points at the center
and O occupies the face-centered position of the BCC lattice system. An illustration
of the structure of KNN at room temperature is shown in Fig. 1. The perovskite-type
ABO3 unit cells show monoclinic symmetry even though the structure of KNN is
orthorhombic at room temperature. It also shows the lattice parameters am = cm > bm,
where bm is perpendicular to am/cm plane, and angle β is closer to 90°. The projection
of the subcell along the axis bm is shown in Fig. 1. As the am axis equals the cm axis
in length, diagonals are linked by dashed from rectangle as in the figure which is the
projection of the unit cell of KNN along the bm axis. [2].

In the early 1950s, potassium niobate and sodium niobate were found to exhibit
ferroelectric properties. The phase diagramofKNbO3 andNaNbO3 was first reported
in 1971 by Jaffe, which is shown in Fig. 2 [2]. The labels F and P in the diagram
indicate the ferroelectric (F) phases and paraelectric (P) phases respectively, while
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Fig. 1 Cell structure of KNN [2]

Fig. 2 Phase diagram of KNbO3-NaNbO3 solid solutions [2]
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the subscripts O, T, M, C indicate whether they are orthorhombic (O), tetragonal (T),
monoclinic (M), or cubic (C), respectively. The region in the phase diagram where
there is a sudden change of structure indicates the morphotropic phase boundary
(MPB) and generally shows enhanced dielectric and piezoelectric properties. For
KNN, the MPB is found in between orthorhombic and tetragonal phases. The
MPB further exhibits two distinct orthorhombic phases at lower temperatures and
two tetragonal phases at higher temperatures. Solid solutions KNbO3 and NaNbO3

with perovskite structures have distinct symmetries depending on the compositions.
Generally, pure KNbO3 has different polymorphisms: a low temperature (lesser than
−10 °C) rhombohedral phase, a room temperature orthorhombic phase, and a high-
temperature tetragonal phase (225–435 °C) and cubic phase (>435 °C). Contrast-
ingly, NaNbO3 shows seven polymorphic phases at different temperatures. At room
temperature, NaNbO3 is known to be orthorhombic and antiferroelectric. An oxygen
octahedral tilting can further complexify the NaNbO3 structure. Even 2% of K due
to its relatively smaller size can change the structure of NaNbO3 toward that of
KNbO3, which can then alter the piezoelectric performance. Many reports referred
to the compositions around the K0.5Na0.5NbO3 in recent decades. Some reports
showed enhancement of the dielectric and piezoelectric properties in the vicinity
of K0.5Na0.5NbO3 composition even with dopping. Shifting of the phases is possible
by varying the chemical compositions and doping in the KNN systems. Besides
change of temperature plays a significant role in the phase shift of KNN systems. For
example, at a temperature above ~200 °C, the orthorhombic phase of KNN changes
into the tetragonal phase which then becomes cubic at temperature ~420 °C. The
different phases correspondingly interfere with the piezoelectric behavior of these
systems [4].

3 Sintering

Sintering is a common technique adopted for fabricating many functional ceramics
with nearly accurate phases and structures. It is divided into three stages that overlap
considerably, depending on the sintering kinetics, grains growth, size, and shape
of the grains, pores development, and finally, densification close to the required
dimension of the product. In the initial stage of the process, the particles become
connected neck to neck, decrease the surface roughness, and form a porous powder
of the compoundparticleswith almost 60–70%densification. In the intervening stage,
the grain grows rapidly due to the increase in densification rate. The densification
rate then decreases in the final stage followed by the isolated pores either shrinking
or merging. The grain growth dominates in the final stage depending on the mobility
and interaction of pores/grain boundary. If this mobility increased in an uncontrolled
fashion, abnormal grain growth occurs which inhibits proper densification [5].
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3.1 Sintering of KNN Ceramics

KNN is a well-known candidate among lead-free piezoceramics. In general, for
densification, sintering is done in two ways: normal sintering and spark plasma
sintering. Normal sintering is the oldest conventional way of fabrication technique
and is still more preferably used due to its significant advantages in shaping. Because
of the volatilization problem of the alkali elements in KNN which is temperature-
dependent, there is always deterioration in the density, phase, andmechanical strength
of the KNN ceramics. Loss of stoichiometry due to volatilization of alkali elements
and hence compositional variation is almost preventable even at a higher sintering
temperature (greater than the melting point of KNN ~ 1200 °C). The volatilization of
from many studies, it is verified that density dominantly influences the piezoelectric
performance, and enhancement in densification is almost the result of the sufficient
sintering temperature which is generally high for the ceramics. The piezoelectric
coefficient of KNN is mainly dependent on the polymorphic phase transition temper-
ature. However, a loss of A-site elements due to the requirement of high sintering
temperature may lead to a shift in transition temperature and consequently degrades
piezoelectric coefficient values despite attempts to increase the density. Grain growth
processes are also influenced by sintering conditions. At low sintering temperatures,
a homogeneous microstructure develops with quadrant grain shape powders in the
size range of 500 nm to 1 μm. At the higher temperature of sintering, the grain
coalescence appears between some grains meanwhile the others retain their original
shape and size. Formation of the liquid phase may occur if the sintering tempera-
ture becomes higher and may result in the secondary phase. To achieve high density
without liquid phase formation, solid-state sintering of KNN could be achieved with
proper modification and elaborately controlled sintering procedures. The addition of
sintering aids in the sintering of KNN ceramics minimizes the effect of abnormal
grain growth bydecreasing sintering temperatures. The commonly used sintering aids
in this system are ZnO, CuO, LiF, MnO2, Li2O, Na2O, etc. Spark plasma sintering
(SPS) is one ideal tool for sintering highly volatileKNNceramics. This sintering tech-
nique enhances piezoelectric and electrical properties more than normal sintering. It
can improve mechanical properties with the improvement of densification and fine-
grained microstructures. Many researchers have adopted these techniques for better
properties of KNN ceramics. But, SPS is not suitable for industrial-scale for its high
processing cost compared to normal sintering [6].

4 Characterizations

Characterization is one important step during thewhole procedure ofmaking a unique
material. There are many techniques and instruments to characterize the yielded
samples. For the piezoelectric materials, some important techniques for character-
ization include the structural properties, microstructural properties, and electrical
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properties like dielectric constant, dielectric loss, and A.C conductivity. A brief
theoretical background of these techniques is discussed below.

4.1 Structural Studies

X-ray diffraction experiment was first performed by Max. V. Laue in 1912. With his
observation, Laue explained the crystalline nature of solids and proved that X-Rays
behave like waves which he was later awarded the Nobel Prize in 1914. Thus, Laue
suggested X-rays can be used as a tool for investigating the structure of crystals.
This technique provides a piece of good information on phase information, crystal
structure analysis, quantitative analysis, particle size, strain measurements, error
locating, etc., of any kind of material.

In this method, a beam of monochromatic light, often Kα radiation, of X-rays
are made to strike on the finely powdered sample. It is known that polycrystalline
material consists of a large number of crystallites that are randomly oriented in all
possible orientations. When an X-ray’s beam is incident on the sample containing
a large number of randomly oriented planes of crystallites, all possible interatomic
planes with each diffraction angle, θ will be detected by the beam. Thus, diffraction
peaks fromdifferently oriented planeswill be produced based onBragg’s condition of
X-ray diffraction and established a relationship between the diffraction and structural
properties. The Bragg condition of diffraction is given in the form of an equation
known as Bragg’s equation which is expressed as,

λ = 2dsinθ (1)

where λ is the wavelength of the incident X-ray beam, d is the lattice spacing, and
θ is the angle at which X-ray beam incidents on the crystal planes. As the relation
suggests X-rays will be diffracted selectively only from those planes with respective
directions given by θ, in which Bragg’s law is satisfied. The direction of diffraction
provides the interplanar spacing, d for a set of crystal planes (h k l). As the values
of d area geometric function of the size and shape of the unit cell of crystal, the
XRD technique can determine the type and dimension of crystal system to which
they belong. By knowing the values of (h k l) corresponding to specific diffraction
maximum and corresponding “d” values, the value of lattice constants or dimensions
of the crystalline substance can be easily determined. The lattice parameter which
can be obtained for different systems corresponding to the specific plane (hkl) are as
follows;

For a cubic system:

1/d2 = (
h2 + k2 + l2

)
/a2 (2)

For an orthorhombic system:
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1/d2 = h2/a2 + k2/b2 + l2/c2 (3)

For a tetragonal system:

1/d2 = (
h2 + k2

)
/a2 + l2/c2 (4)

The crystalline size of the sample can be determined using the XRD data from
the Scherrer formula given as

D = 0.9λ/βcosθ (5)

where β is the full width at half the maximum of the diffraction peak.
The bulk density or experimental density for all the samples can be determined

by the Archimedes principle. Using this principle, the experimental density can
be calculated by measuring the weight and volume of the sample in air and water
medium. By the given formula, we can obtain the bulk density as

dexp = wa/(wa + ww) (6)

The porosity of a material is defined by the relative volume of pores present in
the material. We can evaluate the porosity of the prepared sample as [7]

p = dx − dexp

dx
× 100 (7)

4.2 Dielectric Measurements

Piezoelectricmaterials show dielectric phenomenawhich is the ability of thematerial
to be polarized by an external electric field involving the arrangement of electrically
charges species present in thematerial in space and thus acquiring electrical moment.
Therefore the value of the dimensionless parameter known as relative permittivity
or the dielectric constant is an extremely important parameter. It is a measure of
polarization of the dielectrics and the ability to form a capacitance. Both polarization
and electrical conduction phenomena are closely related as both phenomena are
governed by the displacement of the charged species in the dielectrics. Different
types of polarization such as electronic, ionic, and dipole polarization can occur
involving specific charged species brought into motion not leaving their confined
position, however, the electrical conduction caused the drift motion of the free charge
species through the entire material from one electrode to the other. However, the
conductivity of thematerial strongly influences the dielectric phenomena. In addition,
the dielectric constant of amaterial is dependent onmany changeable external factors
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such as frequency of the applied field, temperature, pressure, humidity, etc. We
determine the dielectric constant after measuring the capacitance as

ε′ = Cd/εoA (8)

where C, d, and A are the capacitance, thickness, and area of the sample respectively,
Eo = 8.854 × 10–14 F cm−1 is the permittivity of the free space. An application of an
external electric field on a dielectric or conductor material is mostly accompanied by
dissipation of electrical energy transformed generally into heat energy. The amount of
power loss under the action of an applied electrical field is commonlymeasured by the
parameter of what is known as dielectric loss and this parameter is important for that
measured under the alternating applied field for dielectrics. Under this condition, the
dielectric loss is measured from a quantity referred to as dielectric loss angle which
describes the difference in the phase angle, “δ” between the applied field and the
current through the dielectric. More descriptively, the tangent of this angle “tanδ”
defines the dielectric loss dissipated. The dielectric loss grows with this angle and
the reciprocal of the tangent of dielectric loss angle determines the quality factor of
the dielectrics whose value is orders of tens of thousandths for good dielectrics. The
electrical permittivity of dielectrics being associated always with a loss component
can always be expressed as a complex quantity as tanδ = E′ + iE′′ where the real
part E′ is the real permittivity of the material and the imaginary part, E′′ gives the
dissipative part. The tangent of dielectric loss is also defined as

tanδ = ε′′/ε′. (9)

The value of dielectric loss varies inversely with the frequency of the applied
field but increases with the increase of temperature. Other factors that influence the
dielectric loss significantly are electrical conductivity, humidity, applied voltage, etc.,
to name a few.

Dielectric polarization in ceramics arises from the four polarization mechanisms:
electronic, ionic, dipole polarization, and interfacial or space charge polarization. In
electronic polarization, the center of the electron cloud around the atom separates the
center of its nucleus by applying an electric field. Ionic polarization happens in solids
with ionic bonding which automatically have dipoles but which get canceled due to
the symmetry of the crystals. Under the application of an external field, the ions are
displaced from their equilibrium positions which induce a net dipole moment. For
dipole polarization, the molecular dipoles which are otherwise randomly distributed
due to thermal energy become oriented along the applied field. Lastly, in interfacial
or space charge polarization the charges become aligned with the applied field due
to the limited movement of charges. Dipolar polarization and interfacial polarization
are temperature-dependent and they occur at a low frequency while the atomic and
ionic polarization is temperature and frequency-dependent and they occur at high
frequency. These dielectric properties are dependent on many factors such as chem-
ical composition, microstructure, methods of preparation, sintering temperature, and
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sintering atmosphere [8]. The other electrical property of importance for dielectric
materials is the a. c. conductivity which is the response of charge carriers under
an applied a. c. field. The a. c. conductivity of a sample depends on the dielectric
constant and dielectric loss as,

σ = ωε′εotanδ (10)

where ω is the angular frequency of the applied field [6].

5 Effect of Metal Oxides on the Preparation of KNN

The preparation and fabrication of advanced ceramics are the most crucial part of
producing the materials efficiently. There are many techniques available to synthesis
the materials. Some of the existing conventional methods are optimized, and some
new techniques are being developed. Most piezoelectric materials synthesis is
preferred in the conventional ceramic processing routes such as mechano-chemical,
wet chemical, sol–gel, precursor, etc. High-energy ball milling produces fine homo-
geneous powders simply and effectively before sintering. There are many types of
mills such as planetary, vibratory, rod, tumbler, etc. They change the reactivity of
milled powder or induce chemical reactions during milling, and modify the condi-
tions in which chemical reactions typically occur during synthesis. Sometimes phase
transformations are indued due to milling among materials of similar composition.

Preparation of KNN faced difficulties mainly due to the volatility of alkali metals
at high temperatures, difficulty in processing, sintering, and full densification.Adding
metal oxide as a sintering aid like CuO, ZnO,MnO2, etc., during processing efforts to
diminish these drawbacks. Such additives influence the properties such as densifica-
tion, grain size growth, phase formation, etc. Of these, MnO2 has shown to promote
the sintering process and suppress abnormal grain growth. Generally, piezoelectric
performance is better when the leakage current in the material is relatively small.
Larger leakage currents have an adverse effect on the polarization process, making
it unsuitable for industrial applications. Lead-based ceramics are also usually doped
with manganese, in an attempt to improve the mechanical quality factor (Qm) and
reduce dielectric losses (tan δ). The Mn2+cation enters the solid solution creating
oxygen vacancies and hardens the ferroelectric properties, enhancing the mechan-
ical factor. Thus, MnO2 added KNN piezoceramics have encouraging prospects in
improving the performance of piezoelectric ceramics [9].
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6 Experimental Methods

MnO2 oxide added potassium sodium niobate electroceramics with compositional
formula K0.5Na0.5NbO3 + (x)MnO2, where x = 0wt%, 5wt%, 10wt%, 15wt%,
20wt%, and 25wt%) were synthesized by ceramic route using high energy ball
milling and microwave sintering technique. High purity AR grade starting chem-
icals (HIMEDIA) such as K2CO3 (98.0%), NaCO3 (99.8%), and Nb2O5 (99.9%)
were used and weighed in stoichiometry ratio for the composition K0.5Na0.5NbO3.
The powders were milled for 5 h to obtain a fine and homogeneous mixture of the
compounds. The milled powders were calcined or pre-sintered at 850 °C for 20 min
using the microwave sintering technique. The calcined powders were added with
different amounts of MnO2 as mentioned above and then milled again for 5 h in the
high-energy ball milling. 2 wt. % of polyvinyl alcohol (PVA) was added as a binder,
grounded in an agate mortar until we get a smooth free flow powder and pressed into
pellets using an 8 mm diameter pellet die, the thickness of about 1–2 mm and giving
a pressure of 5 N for 4 min using a hydraulic press (VB Ceramics make). A different
set of pellets were then sintered at 950 °C for 10 min, 1000 °C for 10 min, 1000 °C
for 20 min, and 1050 °C for 10 min by microwave sintering technique. The sintered
pellets were polished on both the flat faces to get smooth, flat, and even surfaces free
from any secondary oxide layers on the pellet faces and further cleaned thoroughly
using acetone to be used for further characterizations. X-ray diffraction (XRD) using
D8 Advance Eco Bruker Diffractometerwas done to study the structural properties
of the samples. For measuring electrical properties, electrical contacts were made
using silver paste on both the flat surfaces of the pellets and heated at 200 °C for
30 min. The electrical properties such as capacitance, dielectric loss, a. c. conduc-
tivity were measured with the variation of frequency in the range 1 kHz–5 MHz at
room temperature using an Impedance Analyzer (Keysight E4990A) on the unpoled
samples. From themeasured capacitance, the dielectric constant was calculated using
the formula given by Eq. (8) and the dimensions of the pellets. The a. c. conduc-
tivity was measured using Eq. (10). The dielectric loss was directly measured using
the analyzer. The temperature variation of the electrical parameters was determined
using the same Analyzer interfaced to a temperature chamber and PC in the range of
30–250 °C.

7 Results and Discussions

Figure 3 shows the XRD diffraction patterns of the samples sintered at 950 and
1000 °C for 10 min. The sample does not show proper and clear phase formation
indicating insufficient sintering conditions applied. The tetragonal phases, however,
started showing at sintering temperature 1000 °C for 10 min, in the 15wt%, 20wt%,
and 25wt% MnO2 added sample with crystallite size are 28.19 nm, 28.11 nm, and
28.13 nm, respectively. Also, peak intensity increased for increased the addition of
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Fig. 3 XRD patterns of KNN and KNN with weight% of Mn02 sintered at 950 and 1000 °C for
10 min

MnO2 content as shown in Fig. 3. The conditions may be further imposed with the
sintering conditions either by increasing the sintering time or the sintering tempera-
ture without forgetting the fact that higher sintering time and longer duel time may
invoke volatilization of the alkali components in theKNN.Therefore a study has been
done on the sintering conditions, i.e., 1000 °C for 20 min and 1050 °C for 10 min for
this present chapter. XRD patterns for KNN ceramics which are sintered at 1000 °C
for 20 min and 1050 °C for 10 min are shown in Figs. 4 and 5, respectively. In all
the patterns, it is observed that there is the formation of the perovskite tetragonal
phase with P4mm symmetry. The XRD patterns do not show any extra peak out of
impurities.

The unit cell parameters obtained from XRD data for these samples are given
in Tables 1 and 2, respectively, and they are found to be obtained in the desired
range for the observed symmetry. From the figure, it is observed that sample sintered
without MnO2 tetragonality improves at higher temperature though with lesser time
as indicated by the peak at 2θ ~ 45°. The peals for a tetragonal phase have been
indexed in the figures. The crystallite size as calculated from the XRD data using
Scherrer’s formula is tabulated in Tables 1 and 2 and ranged from 27.8 to 31.7 nm.
Microwave sintering due to its short but efficient sintering process, the nanocrystallite
samples could be obtained in the tetrahedral phase. This sintering does not allow
exaggerated growth of the crystallite size and correspondingly the grain size. The
table further showed that MnO2 addition till 20wt % does not show a significant
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Fig. 4 XRD patterns for KNN and KNN with weight % of MnO2 sintered at 1000 °C for 20 min

Fig. 5 XRD patterns of KNN and KNN with weight % of MnO2 sintered at 1050 °C for 10 min
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Table 1 Structural parameters for the KNN and KNN with a weight percentage of MnO2 sintered
at 1000 °C for 20 min

Sample (wt%) a(Å) c(Å) Cell volume (Å)3 Crystalline size D (nm)

0 3.994 3.949 62.723 29.82

5 3.979 3.995 63.272 29.83

10 3.961 3.952 62.041 27.86

15 4.005 3.551 56.967 28.88

20 3.994 4.004 63.871 29.95

25 3.994 3.997 63.760 29.95

Table 2 Structural parameters of KNN and KNN with a weight percentage of MnO2 sintered at
1050 °C for 10 min

Sample (wt%) a (Å) c (Å) Cell volume (Å)3 Crystalline size D (nm)

0 3.882 3.951 60.708 29.90

5 3.933 3.943 61.017 29.50

10 3.993 3.886 61.963 32.33

15 3.960 3.968 62.240 27.88

20 3.960 3.953 62.012 27.86

25 3.932 3.993 61.741 31.78

change of the lattice “a” and “c” constant in both the sintering conditions while
at 25wt% the parameter size slightly showed an increase. The change can also be
significantly observed in the unit cell volume tabulated in the tables which may be
indicative of intrusion of Mn into the structures due to the high concentration of the
addition of MnO2. The right shifting of the peaks for reduced cell volume and a
left shift for increased cell volume as seen from the figures also supports the values
tabulated in the tables. The increase of crystallite size with an increase of sintering
temperature is evident for the same samples. However, since there is a play of the
sintering temperature and time significant difference could not be observed in these
sintering conditions.

Figures 6 and 7 show the room temperature frequency changes of the dielectric
constantmeasuredon electrodepellets of theKNNceramics series sintered at 1000 °C
for 20 min and 1050 °C for 10 min. The variation is dispersive where the dielectric
constant value is higher in low frequencies and decreased in the increasing frequen-
cies. As we know that dielectric behavior of polycrystalline ceramics is contributed
by four different polarization mechanisms viz space-charge, dipolar, ionic, and elec-
tronic. The high value of the dielectric constant at lower frequencies shows the domi-
nant contribution fromspace charge polarization.When an alternatingfield is applied,
the conduction charges accumulated on the grain boundaries lead to an induced space
charge polarization with the production of large capacitance. At higher frequencies,
the charge accumulation and polarization produced are reduced which results from
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Fig. 6 Change in dielectric
constant with the frequency
of KNN ceramics sintered at
1000 °C for 20 min
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Fig.7 Change of dielectric
constant with the frequency
of KNN ceramics sintered at
1050 °C for 10 min
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the fast charge exchanges. At much higher frequencies, the charge exchange could
not follow the frequencies of the applied electric field where polarization stops, and
hence dielectric constant remains nearly constant. From both figures, it is observed
that the increased addition of MnO2 improves dielectric constant values at both
sintering temperatures.

Figures 8 and 9 show the change of dielectric loss with the frequency which
decreases with the increase of the frequency which showed similar behavior to
frequency variation with dielectric constant and followed the Koops’ phenomeno-
logical model [9]. The dielectric loss is a contribution of conduction loss due to
ions migration, ions jumps, ions polarization, and vibration loss. Dielectric losses
dispersion exhibit resonance when the frequency of electron exchanges between the
ions producing polarization equals the frequency of the applied electric field. In both
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Fig. 8 Change of dielectric
loss with the frequency of
KNN ceramics sintered at
1000 °C for 20 min
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Fig. 9 Change of dielectric
loss with the frequency of
KNN ceramics sintered at
1050 °C for 10 min
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figures, dielectric loss shows no resonance phenomena in the measured frequency
range. For both sintering temperatures, it is observed that the dielectric loss decrease
with the increased addition ofMnO2, and at 10 wt% ofMnO2, the dielectric constant
shows the minimum.

The change of a.c conductivity with frequency for different sintering tempera-
ture are shown in Figs. 10 and 11. It is observed that the a.c conductivity at lower
frequencies remains constant as it is independent of frequency. But as the increase of
frequencies, the value increases linearly until at a certain frequency, then the value
rises steeply with a frequency. According to Koop’s Model and Maxwell–Wagner
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Fig. 10 Change of a.c
conductivity with the
frequency of KNN ceramics
sintered at 1000 °C for
20 min

Fig. 11 Change of a.c
conductivity with frequency
for KNN ceramics sintered at
1050 °C for 10 min

Theory, the charge exchange is less at lower frequencies due to the activeness of insu-
lating grain boundaries and less in charge hopping, and at higher frequencies, more
activeness of conducting grain boundaries leads to enhancement of charge hopping.

Figures 12 and 13 show the variation of dielectric constant with temperature at
different frequencies for the sintering temperatures for the two series. In both the
figures, the dielectric constant initially decreased until certain temperatures beyond
which it increased with the increase of temperature, the increase becoming steeper
at higher temperatures. The strongly localized charge carriers are activated ther-
mally with the increase of temperature and their drift mobility increased the charge



20 Polycrystalline Alkali Niobate Piezoelectric Ceramics … 427

50 100 150 200
0

250

500

750

1000

1250

1500
 1.05E006
 1.31E006
 1.51E006
 1.84E006
 2.10E006
 2.36E006
 3.15E006
 3.42E006
 3.68E006
 3.94E006
 4.21E006
 4.47E006
 4.73E006
 5.00E006

D
ie

le
ct

ric
 c

on
st

an
t

Temperature(degree)

Fig. 12 Variation of dielectric constant with the temperature of 25% weight of MnO2 in KNN
ceramics sintered at 1000 °C for 20 min
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Fig. 13 Variation of dielectric constant with temperature 25% weight of MnO2 in KNN ceramics
sintered at 1050 °C for 10 min
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exchanges which results in increased dielectric constant. If the temperature exceeds
theCurie temperature, the dielectric constant of a ferroelectricmaterial should strictly
obey the Curie–Weiss law. KNN ceramics generally show two dielectric anoma-
lies with the increase of temperature. The first anomalies being the depolarization
temperatures which correspond to the transition of the ferroelectric state to the anti-
ferroelectric statewhile the second anomalieswhich occur atmany high temperatures
correspond to the antiferroelectric state to paraelectric state. In the measured temper-
ature range, the dielectric constant does not show any dielectric anomalies until the
temperature of 200 °C.

Figures 14 and 15 show the change of dielectric loss with the change of tempera-
ture forKNNceramics at different frequencies for the sintering temperatures 1000 °C
and 1050 °C, respectively. They showed a similar trend with the changing temper-
ature which rises with the increase of temperature at all the measured frequen-
cies. The measured temperature range does not show any phase transition for these
compositions.
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Fig. 14 Change of dielectric loss with the change of temperature of 25% weight of MnO2 in KNN
ceramics sintered at 1000 °C for 20 min
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Fig. 15 Change of dielectric loss with the change of temperature of 25% weight of MnO2 in KNN
ceramics sintered at 1050 °C for 10 min

8 Conclusion

Piezoelectric ceramics potassium sodium niobate with compositional formula
K0.5Na0.5NbO3 were prepared by adding different amounts (x) of MnO2 (x =
0wt%, 5wt%, 10wt%, 15wt%, 20wt%, and 25wt%) via ceramic technique using high
energy ball milling and microwave sintering technique. The samples were studied
by sintering at different temperatures viz. 950 °C for 10 min, 1000 °C for 10 min,
1000 °C for 20 min, and 1050 °C for 10 min. The samples showed the formation
of a tetragonal phase whose crystallite size ranges from 29 to 32 nm those sintered
at 1000 °C for 20 min and 1050 °C for 10 min. These samples do not show much
change in the unit cell dimensions except for higher MnO2 (25wt%). The addition
of MnO2 has been found to improve the dielectric properties. The dielectric constant
does not show any phase change until 200 °C.

References

1. Cady WG (1946) Piezoelectricity. McGraw-Hill, New York
2. Jaffe H (1958) Piezoelectric ceramics. J Am Cerami 41:494–498
3. Panda PK, SahooB (2015) PZT to lead-free piezoceramics: a review. Ferroelectrics 474:128–143



430 I. M. Aniz and M. Maisnam

4. Li JF,WangK, ZhuFY,ChengLQ,YaoFZ (2013) (K,Na)NbO3-based lead-free piezoceramics:
fundamental aspects, processing technologies, and remaining challenges. J Am Cerami Soc
96(12):3677–3696

5. German RM (1996) Sintering Theory and practice. Wiley, New York, NY, USA
6. Wang K, Li JF (2012) (K, Na) NbO 3-based lead-free piezoceramics: phase transition, sintering

and property enhancement. J Ad Ceramic 1:24–37
7. Levy RA (1968) Principles of solid state
8. Hench LL, West JK (1985) Principles of electronic ceramics
9. Smeltere I, Antonova M, Kalvane A, Grigs O, Livinsh M (2011) The effect of dopants on

sintering and microstructure of lead-free KNN ceramics. Mater Sci 17:62–64



Chapter 21
Electrical Characterization
of Sol–GelDerived Nanostructured
Li–Ni–Co Ferrites

Nandeibam Nilima, Sumitra Phanjoubam, and Mamata Maisnam

1 Introduction

Over the last few decades there is a rise in the continuous demand, interests and
importance of the newly emerged advanced materials for use in different purposes.
Researchers have been engaged in the search of new and more advanced materials
for the development of the society. Ferrites have emerged as important magnetic
materials [1] and research activities in the field of ferrites material have been devel-
oped when Snoek [2] and Neel [3] in 1948 gave the theoretical interpretation for
the magnetic properties of ferrites. Spinel lithium based ferrites are found useful in
many modern electronic devices because of the particular interesting properties like
rectangular hysteresis loop, good value saturation magnetization and high resistivity.
The Curie temperature of lithium ferrite is known to be the highest among spinel
ferrites [4]. The properties of ferrites are found to depend on many factors such
as preparation method, nature and amount of substituent, sintering temperature and
conditions [5]. Wide range of ferrites with varied properties can be synthesized by
varying the above factors. Usually there are twomethods for ferrites preparation, viz.
conventional solid-state method and non-conventional chemical method. Conven-
tional solid-state method, though simple, has certain disadvantages. The process of
prolong grinding and milling of the precursor often leads to loss of some of the
constituent materials, and also impurity pick-ups and the preparation of Li ferrites
by this method requires high temperature to sinter the prepared sample [6]. There-
fore, nowadays, much attention has been given to the non-conventional chemical
method which offers better option to produce Li ferrites at low temperature [6].
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Sol–gel method is preferred because this method is simple, economical, easy and
less time consuming [7]. In this method the mixing of constituent cations is done at
the atomic level in the solution state, thus producing more refined finished products
with high sinterability at low temperature. Sintering at low temperature is especially
advantageous for the preparation of lithium-based ferrites as lithium and oxygen are
volatile at high temperature [7, 8].

Ferrites are ferrimagnetic compound of iron oxide and some other metal oxides.
They appear to be dark grey or black in color, very hard and brittle and they are
ceramic in nature [9]. They crystallize into the cubic spinel structure which is derived
from that of the mineral spinel MgAl2O4. Thus the spinel ferrites have the general
formula MFe2O4, where M is one of the divalent ions of the metallic elements like
Cu2+, Zn2+, Cd2+, Ni2+, Co2+, Fe2+, Mg2+, Ca2+, Mn2+ or a combination of these
ions having average valency of two such as combination of Li1+ and Fe3+ which can
behave as a divalent ion in lithium ferrite, viz, (Li0.5Fe0.5) Fe2O4 or generally written
as Li0.5Fe2.5O4 [9]. The ferric ion in the chemical formula MFe2O4, can be partly or
completely substituted by different ions such as Al3+, Cr3+, Ga3+ or Ti4+ resulting to
various ferrites with varied properties.

The structure and crystal chemistry of spinel ferrites have been extensively dealt
by Gorter [10], Hafner [11] and Blasse [12]. The unit cell of spinel structure is
shown in Fig. 1. The crystal structure is made up of the closest possible packing of
oxygen ions and they form an f.c.c. lattice leaving two kinds of interstitial sites, the
tetrahedral or the A-site (Fig. 1a) surrounded by or coordinated with four nearest
neighboring oxygen ions and the octahedral or the B-sites (Fig. 1b) coordinated by
six nearest neighboring oxygen ions.

The unit cell of a spinel lattice contains eight molecules of MFe2O4, having 32
oxygen ions forming a cubic closed packed structure, 8—divalent ions and 16—
trivalent ions as shown in Fig. 1c. This close packed f.c.c. structure contains 64
tetrahedral and 32 octahedral sites [9]. Of these only 8 tetrahedral and 16 octahedral
sites are occupied by the metal ions in order to maintain the charge neutrality [9]. A
schematic diagram showing location of the oxygen and themetal ions in two adjacent
octants of a spinel ferrite can be seen from Fig. 1d.

George et al. [13] prepared fine particles of lithium ferrites using sol–gel method.
They found that certain parameters like grain size, saturation magnetization, dielec-
tric constant and A.C. conductivity were sensitively influenced by sintering temper-
ature. Their investigation showed that as-prepared sample possesses largest value of
saturation magnetization which may be due to the ultra fine nature of the particles
of the sample [13]. Besides substituent like Co, Zn, Cr, Ni, Al, Mn, Cu, Sb, Mg, Zr,
etc. also significantly influenced the various properties of ferrites [14]. Addition of
divalent zinc ion in lithium ferrites is very effective in lowering magnetic anisotropy
and improvement of microstructure. Reports showed that Zn-substituted Li ferrites
are useful in microwave devices [14]. Li–Ti–Zn ferrites can be used for microwave
frequency applications [15].Mazen et al. [16] had studied the frequency and tempera-
ture variation of A.C. conductivity of Li–Ge ferrites synthesized by ceramic method.
The studies showed an abrupt increase in A.C. conductivity at lower temperature
while the increase is slower at higher temperature. They concluded that the behavior



21 Electrical Characterization of Sol–Gel-Derived … 433

Fig. 1 Structure of spinel
ferrite

of the A.C. conductivity is due to the hopping of electrons having energies near the
Fermi level [16]. Substitution of small amount of Ni2+ is found to enhance the square-
ness and remanence ratio. It also improves the electrical resistivity as well as shows
good hysteresis properties [14]. Li–Ni ferrites are useful in many electromagnetic
devices such as currency counting machine, energy meter and D.C.–D.C. converter
[17]. Kuroda et. al [18] studied low noise memory core obtained from Li–Ni ferrites.
The beneficial effect on the properties of lithium ferrites brought by the addition
of Co2+ ions includes effectiveness in increasing power handling capacity, coer-
civity and broadening spin wave, linewidths, improving density and magnetization
as well as increase temperature stability. The presence of Co2+ ions in B-sites of the
lithium ferrites can compensate the negative value of magnetostriction constant [14].
Watawe et. al [19] studied the dependence of dielectric properties of Li–Co ferrites
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prepared by standard ceramic method on composition, frequency and temperature.
The compositional dependence of dielectric constant showed an inverse trend with
D.C. resistivity.

2 Electrical Properties of Spinel Ferrites

It is important to discuss the electrical properties of ferrites as they are important
in high-frequency application. The response of dielectric properties is important for
designing devices like cores of inductors, transformer and directional couplers [20].
Hilpert [21] was the first person to realize that ferrites might be more useful than
magnetite (Fe3O4) as magnetic core materials because of their higher resistivity. At
room temperature the values range from 5 × 10–3 �-cm to over 1011 �-cm and
such high resistivity reduces the eddy current losses, resonance losses and relaxation
losses.Many factors like composition, condition of preparation and synthesismethod
control the resistivity of these materials [9].

Extensive investigations have been done to explain the origin of electrical conduc-
tivity. Many models have been forwarded like band polaron model, phonon induced
tunnel and a few models based on the fact that ferrites are ferromagnetic materials
and their electrical properties are influenced by magnetic properties [22]. The most
extensively accepted model is the electron hopping model given by Verwey [23].
According to Verwey Model the electrical conduction in ferrites is the result of
exchange or hopping of electron between Fe2+ and Fe3+ ions distributed randomly
at the B-sites [9, 23]. The formation of Fe2+ ions can be controlled by controlling
the nature and amount of the substituent, processing methods and conditions and
microstructure [9]. The dielectric behavior of polycrystalline ferrites can be under-
stood from the inhomogeneity model or the two-layer model proposed by Maxwell
[24] andWagner [25] in agreement with the model given by Koops [26]. The compo-
sition and electrical properties of the grain boundaries are completely different from
those of the conducting grains. The heterogeneous structure of ferrites can be repre-
sented by parallel R–C combination which is again connected in series as shown in
Fig. 2.

Fig. 2 Model of
inhomogeneous dielectric
material. Conducting grains
(Region 2) are separated by
poorly conducting layers
(Region 1)
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Fig. 3 Equivalent circuit for
the dielectric properties of
ferrites
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Suppose R1, C1 and R2, C2 represent the resistance, capacitance of grain boundary
and grains, respectively, and RP and CP the equivalent resistance and the capacitance
of the parallel combination (Fig. 3). Therefore, the impedance of the equivalent
circuit is given by Eq. (1), where A is the cross section and d is the thickness of
the sample, ρ and ε′ are the resistivity and relative dielectric constant of the ferrite
material and εo is the permittivity of free space [11].

1

Z
= 1

Rp
+ jwCp (1)

where

Rp = ρd

A
andCp = εA

d
= εoε

′A
d

As the dielectric constant is not loss free, it can be written in the form of complex
equation, i.e.,

ε = ε
′ − iε′′ (2)
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where ε′ and ε′′ are the real part and imaginary part of the dielectric constant [16].
The dielectric loss factor or loss angle or loss tangent is given by the Eq. (3)

tanδ = ε
′ ′

ε
′ (3)

The behavior of charge carriers under the influence of A.C. field, their mobility
and the mechanism of conduction can be understood from the investigation of A.C.
conductivity behavior.

3 Electrical Studies of Nanostructured Li–Ni–Co Ferrites

Li–Ni–Co ferrites chemical formula Li0.45–0.5xNi0.1CoxFe2.45–0.5xO4, where x ranges
from 0.00 to 0.10 in steps of 0.02 were successfully prepared by the chemical sol–
gel method [27]. Stiochiometric amount of starting materials, i.e., lithium nitrate,
cobalt nitrate, nickel nitrate and iron nitrate were taken and dissolved in ethylene
glycol in the molar ratio 3:1 at 40 °C to form a homogeneous clear solution [7].
The temperature was increased to 80 °C and kept for around 20 min to change the
clear solution to a wet gel. Further, the temperature was raised to 130 °C, at which
the gel gets dried and led to self ignition giving rise to a highly voluminous fluffy
product [7]. The final product so obtained is the as-prepared Li–Ni–Co ferrites. The
as-prepared ferrite powder was grounded to fine powder and mixed with a small
amount of PVA (3% by weight) [7] which acts as a binder and pressed in the form
of pellets by using a load of 100 kg/cm2 for 5 min. The prepared samples were
conventionally sintered at 900 °C for 4 h in air and subsequently furnace cooled [7].
These sintered samples were then polished and cleaned for use in various electrical
measurements. Electrical contacts were made on both the flat surfaces of the pellets
using silver coating. The resistance of all the samples was taken using two-probe
method. The dielectric measurements were carried out on these electroded pellets
using an Agilent HP 4284 A LCR meter from 100 Hz to 1 MHz.

XRD pattern confirmed the Spinel structure of all the prepared samples and it
is shown in Fig. 4. Compositional variation of D.C. resistivity is shown in Fig. 5.
D.C. resistivity was found to increase with the increase of Co2+ content and such
behavior can be understood from Verwey mechanism of electron hopping and cation
distribution. It is already explained that electron hopping takes place between Fe2+

and Fe3+ ions distributed randomly at the B-sites of ferrite lattice [5]. During the
process of sintering partial evaporation of lithium and oxygen at the ferrites surfaces
may have formed Fe2+ ions preferentially at the B-sites [8]. As Fe2+ ions do not exist
at the A sites, A–A hopping is neglected. A–B hopping is also neglected because the
distance between the metal ions at A-site and B-site is greater than that between the
metal ions at B-sites. The main mode of conduction is hence B–B electron exchange
between Fe2+ and Fe3+ ions [5]. The cation distribution for the ferrites system has
been well established from the site preferences of the substituted ions. Ni2+ ions
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Fig. 4 XRD patterns for
Li0.45–0.5xNi0.1CoxFe2.45–0.s5xO4
nanoferrite [7]
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Fig. 5 Variation of room temperature D.C. resistivity with Co2+ content for
Li0.45–0.5xNi0.1CoxFe2.45–0.5xO4 nanoferrite

have strong preference for the B-sites. Low concentration of Co2+ ions are reported
to occupy theB-sites,while, for higher concentration, someof the ions start tomigrate
to A-sites also [7]. As the Co2+ ions content, x ≤ 0.1, the cation distribution [7, 12]
of the present series may be represented as

(Fe)
[
Li0.45−0.5xNi0.1CoxFe1.45−0.5x

]
O4,
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where parenthesis and square brackets represent tetrahedral A-site and octahedral
B-site, respectively [7]. It is seen that the concentration of Ni2+ is constant in the
composition. From the cationic distribution it is clear that increase in the concentra-
tion of Co2+ ions reduces the amount of Li1+ and Fe3+ in the ferrites [27], thereby
decreasing the probability of formation of Fe2+ ions. Therefore, the exchange of
electron between Fe2+ and Fe3+ ions is reduced resulting in an enhancement in the
resistivity [28].

Frequency variation of dielectric constant in the range 100 Hz–1MHz is shown in
Fig. 6. The curve shows the normal dispersive dielectric behavior of spinel ferrites.
The dielectric constant is considerably high at low frequencies thereafter the values
decrease abruptlywith increasing frequency.At higher frequencies the values become
nearly constant and such behavior can be understood from exchange of electron
between Fe2 + and Fe3 + ions and space charge polarization along with Koop’s model
[26]. Under the application of an external applied field the electrons through hopping
reach the highly resistive grain boundaries and they start to accumulate resulting
in the pilling up of the charges at the grain boundaries and hence producing large
polarization [5].With the increase of applied field, the electronic exchange is not able
to follow the applied field. Accordingly, the probability of electrons accumulating at
the grain boundaries are decreased thereby reducing the space charge polarization
and hence the dielectric constant decreased [8].

Dielectric constant as a function of composition at the frequency 10 kHz is
depicted in Fig. 7. The dielectric constant is found to decrease with Co2+ substitution.
As explained above, substitution of Co2 + ions reduces the amount of Fe3+ ions and
formation of Fe2+ ions and hence the hopping probability of electron between Fe2+
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Fig. 6 Frequency dependence of dielectric constant for Li0.45–0.5xNi0.1CoxFe2.45–0.5xO4 nanofer-
rite [5]
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Fig. 7 Variation of room temperature dielectric constant with Co2+ content at 10 kHz for
Li0.45–0.5xNi0.1CoxFe2.45–0.5xO4 nanoferrite

and Fe3+ ions at the B-sites. Thus creation of space charge polarization decreased
with the Co2+ substitution and hence the dielectric constant.

Figure 8 shows the frequency variation of dielectric loss. The dielectric loss also
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Fig. 8 Frequency dependence of dielectric loss for Li0.45–0.5xNi0.1CoxFe2.45–0.5xO4 nanoferrite [5]
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shows dispersion with frequency for all the samples. This behavior can be explained
by the relation given in Eq. 4 where the dielectric loss varies inversely with the
angular frequency of the applied field and the resistivity of the material

tanδ = 1

ωε′ρ
(4)

where tan δ is the dielectric loss, ω the angular frequency of the applied field, and ρ,
the resistivity of the material. This is in agreement with the explanation given by the
Koop’s phenomenological model. It is reported that the dielectric loss is contributed
by the presence of impurities and structural inhomogeneity in the ferrites [5].

Frequency dependence of A. C. conductivity in the range 100Hz–1MHz is shown
in Fig. 9. At low frequencies the values of A.C. conductivity increases slowly but
above a certain frequency it increases rapidly. According to Maxwell–Wagner [24,
25] in agreement with the Koop’s phenomenological model [26], ferrites can be
assumed to be compacted as a multilayer capacitor in which the grains and grain
boundaries have different properties and the impedance of this model being given by

Z−1 = R−1 + j (2π f C)

where f is the frequency and R and C are the parallel equivalent resistance and capac-
itance of the material, respectively. Conduction mechanism in ferrites is attributed
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to exchange of electrons between Fe2+ and Fe3+ ions at the B-sites. The poorly
conducting grain boundaries are more active at low frequencies and this reduces the
hopping of electron between Fe2+ and Fe3+ ions and hence the observed low value
of A. C. conductivity is expected. As the frequency is increased the grain boundaries
become less active and conducting grains become more active thereby increasing
the hopping of electron and hence a gradual increase in the conductivity has been
observed [16]. The value of A. C. conductivity is found to decrease with the increase
in Co2+ content and this may be attributed to the reduction of formation of Fe2+ ions
in the composition with Co2+ substitution which may have restricted the hopping of
electron.

4 Conclusion

Lithium-based ferrites are found to be important from application point of view.
Lithium ferrites substituted with Ni2+ and Co2+ having the compositional formula
Li0.45–0.5xNi0.1CoxFe2.45–0.5xO4 were successfully prepared by sol–gel method. Co2+

substitution has been found to enhance the value of D.C. resistivity. Enhancement
in D.C. resistivity lowered the dielectric constant and dielectric loss values. Ferrites
with lowdielectric loss are preferred for high-frequency applications as lowdielectric
loss increases the penetration depth of electromagneticwaves and reduces skin effect.
A.C. conductivity of all the samples has been found to increase with the increase in
frequency.
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