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Bismuth ferrite (BFO) nanostructures and thin films have gained attraction as suitable candidates for energy storage and energy
conversion due to their high energy storage efficiency, temperature stability and low dielectric loss. Electrical properties of such
multiferroic materials are tailored by ferroelectric and ferromagnetic constituents and have opened up amazing avenues in elec-
trochemical supercapacitor and photovoltaic applications. Dopants play a significant role in optimizing the magnetic and dielec-
tric properties of such materials owing to suitable applications. This review highlights the scientific advancements reported in
BFO nanostructures for energy applications by optimizing their magnetic and dielectric properties. This paper starts with a brief
introduction of BFO and a discussion on the effects of various dopants by different synthesis techniques, and their effects on the
magnetic and dielectric properties are also portrayed. Eventually, this review summarizes the various doping effects, which paves

way for future research on this multiferroic material.
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Highlights

e The preparation of various multiferroic BFO-based nano-
materials and nanocomposites is summarized.

e A-site substitution improves the magnetization and dielec-
tric properties.

e B-site doping reported enhanced magnetic properties
making them suitable candidates for supercapacitor
applications.

e BFO thin films showed enhanced dielectric properties due
to their thickness and their epitaxial strain.

e BFO composites were reviewed and reported to offer
higher magnetoelectric effect.

1. Introduction

The production of energy is currently moving towards more
eco-friendly solutions such as wind turbines, solar panels and
geothermal plants; however, the storage of this energy still
mostly relies on batteries. Modern batteries often use envi-
ronmentally unfriendly materials (lithium, lead-acid, etc.)
and have relatively short life cycle. Supercapacitors, i.e.,
ultracapacitors/electrochemical double-layer supercapaci-
tors, offer potential alternatives to batteries, as they present an
opportunity to utilize greener materials, have longer lifetime
(withstanding a half-million cycles or more), high charge and
discharge rates and high power density.

Recently, dielectric materials with high energy storage
density, good temperature stability and low dielectric loss

*Corresponding author.

have gained potential applications in capacitor technology.
Developing capacitors with improved energy density, stor-
age efficiency and operation sustainability in severe environ-
ments is one of the main aims of the ceramic industries.! The
electrochemical batteries possess high energy density and
low power density,? while capacitors have high power density
and low energy density. To enhance the features of present
electrochemical energy storage devices, the dielectric proper-
ties of capacitors need to be optimized and finding a suitable
dielectric material is vital for industrial applications.?

Materials that possess high electrical resistivity are called
dielectrics and can exhibit paraelectric, ferroelectric (FE) and
piezoelectric behaviors. In the case of paraelectric and ferro-
electric behaviors, an applied electric field induces a change
in polarization, while for piezoelectrics, the effect is due to
the application of pressure or temperature, respectively.?
Capacitor dielectrics and piezoelectric devices are among
the many other application areas of ceramics. If they per-
sist for a long operation time in extreme physical conditions
such as temperature or pressure, ceramics are considered the
prime choice for use when compared to metals and plastics.
Dielectric properties such as relative permittivity and dielec-
tric loss factor of ceramic material are affected significantly
as frequency changes, therefore their ranges have to be deter-
mined before the design of any system containing their uti-
lization. Thus, research in ceramic technology is currently
flourishing with rapid demand to obtain materials with the
required properties.*

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0
(CC BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2130001-1


https://dx.doi.org/10.1142/S2010135X21300012

A. J. Preethi & M. Ragam

In this review, we will specifically focus on bismuth
ferrite (BFO or BiFeO;) material, its dielectric and energy
storage properties and its applications. Multiferroics exhibit
simultaneous polar and magnetic orders, as in the cases of
strong magnetoelectric (ME) coupling both the magnetiza-
tion and polarization can be manipulated by electric as well
as magnetic fields. Among all the multiferroic materials of
type ABO;, BFO is the most promising single-phase multifer-
roic material exhibiting multiferrocity at room temperature.’
It has a distorted rhombohedral perovskite (ABO;) structure
with R3c space group which is noncentrosymmetric. The
magnetoelectric effect in a material can be defined as the
electric polarization induced by applied magnetic field or vice
versa (the magnetization induced by applied electric field).
Both ferroelectricity and antiferromagnetism are reported in
BiFeO; single crystals. It is an eco-friendly material free of
lead and has interesting multiferroic as well as optical prop-
erties. However, its secondary phases during the synthesis,
weak magnetic characteristics, low magnetoelectric coupling
and high leakage current’ make it of limited applicability.
The limitations of BFO can be overcome by cautious synthe-
sis, doping and coating with other materials. It was noted that
the physical properties of BiFeO; can be enhanced through
doping by increasing the oxygen vacancy, strain state and
bandgap. Moreover, the rare-earth metal doping can improve
the high leakage current density and weak ferromagnetism.
Under this condition, several studies relating to functional
properties improvement of BiFeO; through doping at both
the Bi and Fe sites have been made and reported successfully
the substitution of rare-earth ions (La, Pr, Gd, Ho, Eu, Nd,
etc.) at the Bi site®~!* or doping of transition metal ions (Ti,
Cr, Co, Mn, etc.)!'5-18 at the Fe site.

This review paper aims to offer a systematic review of dielec-
tric properties of pure and doped BFO-based nanostructures.

2. Dielectric Properties for Energy Storage

Dielectrics are grouped according to the relation between the
applied field and the polarization. For linear dielectrics, the
energy density () is expressed as: u = 1/2¢,, E*. For nonlin-
ear dielectrics, the polarization can be determined from the
polarization—electric field (P—E) hysteresis measurements
by: P=¢y(¢, —1)E = y,eoE, where P is polarization and y,
is dielectric susceptibility. Energy density (u) is said to be a

measure of energy stored per unit volume. For dielectrics, the
Emax

energy storage density can be obtained by: u = J PdE.
0

Using the above equation, the energy density values of
dielectrics can be obtained by using the numerical integration
of area between the curves of polarization and electrical field
(i.e., P—E loops). It can be concluded from the above equa-
tions that larger energy densities can be obtained by greater
relative permittivity, highest polarization and breakdown
strength, while low dielectric losses, reduced remnant polar-
izations and smaller value of loss tangent (tan 6) will ensure
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greater energy storage efficiencies of dielectric materials. In
this review, we describe the reported works to optimize these
properties under different conditions to reduce the limitations
of BFO in industry.

3. Dielectric Materials for High Energy Storage
Applications

To design a good dielectric material with high energy stor-
age density and higher efficiency for the required application,
high breakdown strength,'? large saturated polarization and
small remanent polarization®® should be satisfied simultane-
ously.?! Among the four main categories of dielectric mate-
rials which are the linear dielectric, ferroelectric, relaxor
ferroelectric (RFE) and antiferroelectric materials, only two
of them, namely the relaxor ferroelectrics and antiferroelec-
trics, are more suitable for high energy storage applications
due to their high saturated polarization and low remnant
polarization. Each of them is described by the P—E loop given
in Fig. 1(b). Furthermore, the RFE dielectrics can be further
classified into lead-based and lead-free RFE dielectrics. The
following subsections describe the dielectric properties of
both of them to analyze their multifunctional properties.

3.1. Dielectric properties of pure BFO nanostructures

BFO is one of the rare multiferroic compounds in which
ferroelectricity and magnetism coexist at room temperature.
It has been synthesized in bulk form, thin-film form and as
nanostructures. This material has gained considerable atten-
tion because of its fundamental coupling phenomena of
multiple-order parameters and practical applications in mag-
netoelectric devices based on electrically controlled magne-
tism.23-2> Bulk BFO has rhombohedral symmetry (R3c space
group) with ferroelectric polarization.26-2° The polarization is
mainly caused by Bi** lone pair (6s? orbital), i.e., the polar-
ization originates mostly from A-site while the magnetization
comes from Fe?*, i.e., the B-site.

Perovskite (ABO;) BFO has Fe** ions at B-sites sur-
rounded by six neighboring oxygen anions forming the FeOg
octahedral. Empty spaces, i.e., A-sites, between the FeOy
backbones are occupied by Bi** ions. Such perovskite struc-
tures are formed by occupying B-sites usually with transi-
tion metal ions and by filling A-sites with trivalent rare-earth
ions or divalent rare-earth ions. It is believed that the physical
properties of perovskite compounds are mainly due to tran-
sition metal ions located at B-sites and electronic conduction
is affected by the chemical bonding between Fe3* and O ions.

The effects of annealing temperature on the structure, mor-
phology, dielectric and magnetic properties of sol-gel-syn-
thesized multiferroic BiFeO; nanostructures were reported in
recent studies that provide a base for reliable research on the
ferroelectric and magnetoelectric properties. Ranjbar er al.>
have reported pure BFO phase at an annealing temperature
of 800°C. An appreciable magnetic behavior was noted
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The typical polarization versus electric field hysteresis loops and the energy storage characteristics of the four classes of solid dielec-

tric materials, namely (a) linear, (b) ferroelectric, (¢) relaxor ferroelectric and (d) antiferroelectric materials.??

Note: Demonstration only; not to scale.

by the vibrating sample magnetometer at 800°C due to its
response with respect to its periodic spin structure and wave-
length. Further, a decrease in the relative dielectric constant
was reported as a sign of decreasing oxygen valences at high
temperature. The hysteresis curves for samples were reported
by vibrating sample method at room temperature. Saturation
magnetization of the sample annealed at 700°C was reported
as the highest than others which could be due to the presence
of Bi,sFeO,, magnetic impurity phases.*

Kumari er al.® have investigated and reported the details
of microstructural, magnetic, electrical and magnetocapaci-
tance (MC) properties of pure BFO nanoparticles (average
particle size ~80 nm) synthesized by novel chemical citrate
sol-gel route. Appreciable change of dielectric constant with
the magnetic field was reported which revealed the presence
of magnetoelectric coupling in nanoparticles. The observed
ferromagnetic (FM) M-H loop, ferroelectric P-E loop and
significant magnetocapacitance at room temperature in the
nanometric form make the material useful in comparison
with its bulk counterpart for technologically potential device
applications.®

The structural, thermal, microscopic, magnetization,
polarization and dielectric properties of BiFeO; ceramics
synthesized by a rapid liquid-phase sintering technique were
reported by Pradhan et al.3' The magnetization and ferroelec-
tric properties were reported to be enhanced. The reduced

polarization was due to the high loss and low dielectric per-
mittivity of the ceramic, reported to be caused by higher
leakage current. The numerical values of the reported results
of spontaneous polarization, remnant polarization and coer-
cive fields are about 3.5 uC/cm?, 2.5 uC/cm? and 40 kV/cm,
respectively.

Single-crystal-like BiFeO; thin films were fabricated
by flux-mediated epitaxy (FME) using pulsed laser depo-
sition (PLD) by Lim et al.,’? and various properties were
reported. The growth conditions were optimized and the
size of the single crystal was found to be increased for
the FME grown crystals. A higher dielectric constant was
reported in the range of 260-340 than those for the stan-
dard PLD grown films. In addition, the leakage current
density of the films was reduced by two orders of mag-
nitude compared to that of standard PLD grown films.3?

BiFeO; powders were derived by molten salt method
in NaCl media by Zheng et al.3* The average grain size of
power was reported to decrease with the increase of NaCl
content. Higher dielectric constant and lower dielectric loss
were reported in the BiFeO; ceramics derived from a higher
salt ratio.? Table 1 provides a summary of the BiFeO,
nanomaterials synthesized. BiFeO; nanomaterials have
been synthesized so far using several techniques, includ-
ing sol—gel, sonochemical, reverse micelle, coprecipitation,
combustion, etc.
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Table 1. Summary of BiFeO; nanostructures.’*
Morphology Fabrication method(s) Source
Nanopowders  Solution combustion, sol-gel methods  Refs. 35

and
36
Microrods Polymer-directed solvothermal method  Ref. 37
Nanotubes Template-induced sol-gel method Refs. 38
and
39
Nanoflakes Hydrothermal (HT) method Ref. 40
Nanorods Sonochemical method Ref. 41
Submicron Spindles hydrothermal method Ref. 42
Nanowires Anodized alumina template method Ref. 43
Nanofibers Sol—gel-based electrospinning method  Ref. 44
Nanocubes Microwave synthesis method Ref. 45

With the advancement in synthesis techniques for the
fabrication of high-quality ceramics, multiferroic materials
have attracted a great deal of technological and economic
attention, especially to materials with an ABO; perovskite
structure.*®#7 Currently, various methods have been devel-
oped for the preparation of micrometer- and nanometer-sized
BFO crystallites. As we know, the classical HT synthesis is
often used due to its simple control of grain size and mor-
phology.*® The improved dielectric properties of the prepared
BFO nanostructures depend on the shape and size of the syn-
thesized materials.

Many works were reported on the clarification of the
structural and magnetic properties of BFO; a revival has been
triggered by the general focus on multiferroics in the materi-
als-based community and by the observation of weak ferro-
magnetism coexisting with ferroelectricity.”> However, pure
BFO suffers from impurity phases, magnetic defects from the
ideal oxygen stoichiometry mimicking weak ferromagnetism
and a number of further magnetic or structural phase transi-
tions at low temperature.

4. Doped BFO Nanostructures
4.1 A-site doping

A-site substitution refers to the case where the Bi** ions are
replaced by the other ions. Since the electric levels of A-site
ions are located far away from the Fermi level, the A-site
substitution can influence the band structure indirectly.*
A-site substitutions by some ions with smaller ionic radius
can reduce the Fe—O-Fe bond angle accompanying a smaller
tolerance factor leading to more insulating characters.

High level of doping goes beyond simply modifying the
properties and leads to additional properties relating to the
presence of oxygen vacancies. Here, we briefly review the
recent findings focused on A-site-substituted BFO.

J. Adv. Dielect. 11, 2130001 (2021)

There exists a close link between -crystallographic
structure, polarization orientation and its electrochemical
response. Also, the ferroelectric, dielectric and piezoelectric
properties are strongly dependent on the ionic size of the sub-
stitution elements.

4.1.1.

In 2019, Wu and Zhu*? studied and reported on the Bi,_Ba,.
FeO; (x = 0-0.20) nanoparticles which were synthesized by
molten solid-state method. XRD patterns demonstrated that
all the Bi,_Ba FeO; nanoparticles crystallized in the rhom-
bohedral structure with a space group of R3c. The SEM
images demonstrated that the particle sizes decreased with
increasing the Ba doping content, and the morphology of
the particles changed from cubic or rectangular to spherical
shape. An enhancement of the magnetization of the Ba-doped
BFO (BBFO) nanoparticles was reported, which was due
to the broken balance of the original spiral spin structure.
Moreover, with the increase of the Ba doping content, the
leakage current densities of the nanoparticles were decreased
by one order of magnitude due to the suppression of impu-
rity phases and oxygen vacancies, and the enhancement in
dielectric properties was also reported.”® The remanent mag-
netization of the BBFO nanoparticles was 0.51 emu/g. The
leakage current density of the BBFO nanoparticles was mea-
sured to be only 1.15 nA/cm? whereas for the undoped BFO
nanoparticles, it was 10.1 nA/cm? In addition to that, the
dielectric properties of nanoparticles are also affected by the
particle size. Here, the smaller grain sizes of the Ba-doped
BFO nanoparticles lead to the lower dielectric constants due
to the particle size effects.’! The ferroelectric properties like
enhanced remnant polarization (P,) and lower leakage cur-
rent density were reported due to the structural distortion.
The reduction of dielectric loss with increasing the Ba dop-
ing content could be ascribed to the depression of the oxygen
vacancies by Ba doping.’! The remnant polarization value
tends to increase and then decreases due to the charge fluctu-
ation between Fe** and Fe?* ions.

The physical and chemical properties of any material can
be categorized into intrinsic and extrinsic properties. The
dielectric properties of ferroelectric ceramics are generally
influenced by their intrinsic and extrinsic contributions. In
ferroelectric ceramics, the intrinsic contribution is generally
the lattice distortion (change in size, shape and orientation)
and the extrinsic contribution is mainly derived from domain
wall motion.!3>15 Here, in the above context, the changes in
the electrical properties were reported due to the change in
their structure which is an intrinsic property.

The enhancement of magnetization and the decrease of
leakage current density as well as the improved dielectric
properties of the Ba-doped BFO nanoparticles have made
them a promising candidate for applications not only in
the field of nanospintronics but also in dielectric energy
storages.

Ba-doped BFO nanostructures
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Das and Mandal3 reported that the magnetic and fer-
roelectric properties of BFO are found to change signifi-
cantly with Ba substitution in place of Bi. Canting of spins
and displacement of oxygen atoms from their original posi-
tion were reported to be the reasons for enhanced mag-
netic and ferroelectric properties, respectively. A noticeable
change in dielectric constant with doping was observed.
Magnetoelectric coupling also increased due to Ba substitu-
tion. A remarkable difference in dielectric constant above the
magnetic transition temperature of the parent compound was
reported using the electrical property measurements. Impact
of dielectric properties is reflected in the reported remnant
polarization (14.35 uC/cm?) throughout the measurement
cycles. It was also reported that the enhancement of the fer-
roelectric polarization was due to the reduced leakage current
in the doped sample.

In multiferroics where the electric and magnetic domains
coexist, the application of magnetic field gives rise to strain
and hence a stress is developed. Strain-induced stress on the
ferroelectric generates the electric field which could orient
the ferroelectric domains, leading to modification of the
dielectric properties.>?

Hasan ef al.3 in 2016 derived Ba-doped BFO nanopar-
ticles using sol—gel technique. The coercivity of the synthe-
sized nanoparticles was also found to decrease significantly
with reducing the particle size and becomes almost neg-
ligible. This indicates their soft nature which makes them
potential candidates in device applications where a negligible
coercivity at room temperature is crucially effective. Particle
size-dependent polarization was reported in Ba-doped BFO*3
which is an intrinsic contribution. Thus, tuning of multifer-
roic properties by controlling the particle size paves way for
its application in miniature devices.

Yang et al>* prepared Ba-doped BFO nanocrystals using
sol-gel method and the properties were studied and reported.
It was observed that with the transformation of crystal struc-
ture, the dispersion of the dielectric constant and loss of sam-
ples were changed. The increase in dielectric constant and
decrease in dielectric loss were explained by the interfacial
polarization in which the space charges tend to accumulate
around the interfaces between the face of the samples and
the electrode under an applied electric field and form an
interfacial layer with a high relative dielectric constant and
a low dielectric loss.>* Magnetic properties were also greatly
improved due to the presence of oxygen deficiency. They
concluded that the BBFO, (Ba-doped BFO) nanocrystallite is
promising for applications in data storage media.

The effects of oxygen annealing on the magnetic, electrical
and magnetodielectric properties of Ba-doped BiFeO; parti-
cles prepared by the solid-state reaction method were inves-
tigated and reported Singh an Jung® in 2010. The magnetic
properties were reported to be drastically changed from weak
ferromagnetism to antiferromagnetism for oxygen-annealed
BBFO at 850°C. The activation energies of as-grown BBFO
and annealed BBFO were reported to be 0.40 eV and 0.73 eV,
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respectively.” Magnetodielectric coupling was found to be
larger for as-grown BBFO than for annealed BBFO, proba-
bly due to the ferromagnetic and antiferromagnetic (AFM)
natures of the former and the latter.

Hence, Ba doping significantly influenced the structural,
magnetic and dielectric properties of BiFeO;. An increase
in magnetic property was reported with increasing Ba dop-
ing.>® The dielectric property was enhanced with increasing
temperature because of the contribution of the space-charge
polarization due to the presence of oxygen ion vacancies. The
addition of Ba was reported to reduce the leakage current by
filling the vacant Bi** sites and by decreasing the transition of
Fe3* ions to Fe?* ions.3

4.1.2. Pb-doped BFO nanostructures

Lead is one of the most significant materials that are used in
energy storage applications. The main reason for using lead
in batteries is that it can store a lot of charge and provide high
current for short periods of time. Hence, the lead atoms play a
vital role in increasing the efficiency of supercapacitors.

Pb-doped BiFeO; (Bi,_,Pb,FeO;, x=0.03-0.07) powders
were reported by Mazumder and Sen.’” The dielectric con-
stant and the dissipation factor were reported to decrease
with increasing frequency. The lower dielectric constant of
lead-doped BiFeO; compared to pure BiFeO; was attributed
to higher space-charge polarization in Pb-doped samples.
The Pb addition increased the electrical resistivity and with
increased lead doping, BiFeO; ceramics showed typical non-
lossy ferroelectric hysteresis loops.

The effect of Pb-doped La, ,Bi;,_Pb FeO; samples, pre-
pared by sol-gel auto-ignition technique, had been investi-
gated and reported systematically.”® An increase in grain size
and porosity of the samples was found to be evident with Pb
doping. The La doping changes the structure of BFO from
rhombohedral to pseudotetragonal,®> whereas Pb doping
changes its structure to pseudocubic.o’%? The value of the
dielectric constant was found to be decreased with Pb doping.
This anomalous behavior was reported due to the combined
response of dielectric relaxation that involves the oriental
polarization and the conduction of charge carriers.®? It was
reported that the dielectric loss also follows the same trend as
dielectric constant. Similar trend of dielectric properties has
also been reported in Mn-doped,®* Sr-doped,®> Sm-doped,>
Pr-doped®® and Dy-doped®® BFO materials. A slight increase
in these dielectric parameters was evident with the rise of
temperature which can be attributed to the thermally induced
enhancement of hopping conduction mechanism.57¢7 The
structural transformation from rhombohedral to pseudocubic
is almost complete and destroys the spatial spin structure®!
resulting in large latent magnetization as compared to other
samples.’®

Sr and Pb codoped BiFeO; compounds were reported by
the rapid solid-state reaction method.%® The results of XRD
and Raman spectra revealed a transformation of the crystal
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structure from rhombohedral to cubic with St/Pb doping. It
was found that both ¢, and tan é decrease with increasing fre-
quency in the lower-frequency range, and almost become a
constant in the higher-frequency range. The variations of «,
at low frequency were explained by Maxwell-Wagner model
involving space-charge polarization.®® The reduction of leak-
age current is due to the reduction in oxygen vacancies. It was
reported that the enhancement in ferromagnetic property is
attributed to the collapse of the spiral cycloid and the release
of latent magnetization due to the structural transition.”

Ca and Pb codoped polycrystalline BFO ceramics were
successfully synthesized by the rapid solid-state reaction.”!
Investigations by XRD and Raman spectra reveal a crys-
tal structural transition from rhombohedral to cubic with
increasing Ca/Pb content.

The increase in dielectric constant due to increase in
doping concentration was attributed to reduction of defects
during heat treatment.” The reduction in dielectric loss factor
with increasing the doping content suggests that the increase
in Ca/Pb doping is helpful in reducing the leakage current.
Ferroelectric remnant polarization and leakage current of Ca/
Pb codoped BFO were reported to be improved significantly
when compared to the undoped samples.”!

4.1.3.

Rare-earth material-doped BFO nanostructures

The unique magnetic, electrical and spectroscopic proper-
ties of rare-earth elements improve the efficiencies of energy
conversion processes.”?> Pure and Sm-doped BFO particles
were synthesized using sol-gel method by Rhaman ef al.”? in
2019. The substitution of Sm in BFO resulted in the structural
transformation from rhombohedral to orthorhombic symme-
try with decreased crystallite size. With increasing Sm dopant
concentration, an increase in dielectric constant was reported
which decreased with increasing frequency. The increase
in dopant concentration resulted in a decrease in dielectric
loss which was due to structural stability and less impurity
phases. On increasing the dopant concentration, the maxi-
mum polarization was reported to be increased which caused
the reduction in leakage current density due to the suppres-
sion of impurity phases.”

J. Adv. Dielect. 11, 2130001 (2021)

The electrical resistance, reactance and resistivity of
doped samples were reported to be decreased considerably at
low frequency and almost constant at high frequency.

Thus, the enhanced properties indicate that the Sm-doped
BFO may be a potential candidate for memory devices,
PV solar cells and energy storage devices. Table 2 sum-
marizes the reported results of various Sm-doped BFO
nanostructures.

La-doped BiFeO; (BLFO) nanoparticles have been suc-
cessfully synthesized using nonvacuum sol—-gel technique in
2016 by Awan et al.”® The La-doped BiFeO, nanoparticles
prepared using a dopant concentration of 0.3 wt% reported
strong ferromagnetic behavior. It was reported that ferromag-
netism in BiFeO; arises due to linearity in spin structure.

Anomalous dispersion was reported for the dielectric con-
stant, while normal dispersion behavior was observed for tan-
gent loss data. Dielectric constant increased and tangent loss
decreased with the increase in dopant concentration. Table 3
summarizes the results of various La-doped BFO nanostruc-
tures synthesized by various methods.

The Bi,_, Y FeO; (x=0, 0.1, 0.15, 0.2) nanoparticles
were developed via sol-gel auto-combustion route by
Sheoran et al.3* It was reported that as the doping concen-
tration increased, the grain size decreased. The reported
value of remnant polarization (P,) was increased with
increasing the concentration of yttrium. Further, the
structural transformation also is an important factor for
the enhancement in polarization. With increasing Y con-
centration, the optical bandgap was reported to decrease
which was similar to the earlier reported result by Fki
et al.® This reduction in the bandgap of all Y3*-substituted
BFO samples can be caused by the enhancement in the
internal chemical pressure and reduced oxygen vacancies
located at FeOq.%% Also, the observed values of bandgap
are lower than the earlier reported results of Y-substituted
BFO nanoparticles.?387

The dielectric constant value was reported to increase with
increasing doping concentration. Temperature-dependent
dielectric constant and loss reveal an abnormality in the
temperature range of 370-410°C as a consequence of indi-
rect magnetoelectric coupling.®* The significant properties

Table 2. Summary of reported Sm-doped BFO nanostructures.

Method of synthesis Structure Reported significance Source

Tartaric acid-assisted sol-gel Orthorhombic Magnetic properties were enhanced Ref. 74
technique

Modified solid-state reaction Tetragonal The pyroelectric and piezoelectric coefficients increased with Ref. 75
method increase in doping concentration

Conventional solid-state Rhombohedral Dielectric permittivity and dielectric loss were decreased with Ref. 76
method increasing frequency. Lower dielectric property on doping

implied enhanced magnetic and ferroelectric properties
Modified rapid liquid-phase Rhombohedral Enhanced magnetization and thermal stability with increasing Ref. 77

sintering method

doping concentration
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Table 3. Summary of reported La-doped BFO nanostructures.
Method of synthesis Structure(s) Reported significance Source
Sol-gel method Rhombohedral Decrease in bandgap and remnant polarization with increasing Ref. 79
La concentration
Pechini method Rhombohedral Enhancement in the permittivity, ferroelectric and ferromagnetic Ref. 80
properties and less electrical leakage
Hydrothermal method Rhombohedral, Enhancement of magnetization due to the breaking of the spin Ref. 81
cylindrical- cycloid and increase in dielectric constant
shaped
Hydrothermal technique Rhombohedral Dielectric constant was enhanced fourfold after La doping at room Ref. 82
temperature. Magnetic moment increased up to 0.658 emu/g on
doping
Solid-state reaction route Hexagonal Increases in the magnetic anisotropy and magnetization and Ref. 83
observation of exchange bias
Table 4. Summary of reported Y-doped BFO nanostructures.
Method of synthesis Structure(s) Reported significance Source
Sol-gel-based electrospinning Orthorhombic, nanofiber Lower dielectric loss and more dependence of Ref. 88
process capacitance on bias voltage and decreased
leakage current on doping
Solid-state reaction technique Orthorhombic, cubic Improved magnetic and dielectric behaviors Ref. 89
Metal ion ligand complex- Varies from rhombohedral Enhanced magnetic, ferroelectric properties and Ref. 90
based precursor-solution to tetragonal as the improved magnetoelectric coupling
evaporation method doping concentration
increases
Auto-combustion method Orthorhombic Improved electrical and magnetic properties Ref. 91

reported via different synthesis procedures are tabulated in
Table 4.

Pure and Gd-doped bismuth ferrite samples were suc-
cessfully synthesized using sol-gel method by Vashisth
et al. in 2018.> XRD analysis revealed that all of these
samples existed in rhombohedral structure. There is an
enhancement in ferromagnetic nature such as the incre-
ments in the observed saturation polarization (P,), remanent
polarization (P,) and coercive field (E,), and their numeri-
cal values are reported to be 0.334 yC/cm?, 0.041 pC/ecm?
and 3.850 kV/cm for all Gd-doped samples as compared to
the undoped BFO. The dielectric behavior depends on the
space-charge contributions to polarization.? The dielectric
constant of samples increased with doping. Gd-doped BFO
nanostructures prepared by various methods are summa-
rized in Table 5.

Cyriac et al. in 2019% successfully prepared the
single-phase nanocrystalline multiferroic Bi,_ Eu,FeO,
(x = 0-0.3) materials by sol-gel method. The substitution of
Eu’* ion instead of Bi** ion transformed the structure from
rhombohedral to orthorhombic at a concentration of x=0.2.
The influences of oxygen vacancy and magnetoelectric cou-
pling were reported to be at the maximum at a concentration
of x=0.2 due to the structural distortion. This enhanced the

dielectric constant, dielectric leakage and conductivity at this
concentration, and the maximum value of dielectric constant
reached was reported to be around 301.87. The dielectric
constant value was reported to decrease with increase in the
frequency. Similarly, the reduction in dielectric leakage with
an increase in frequency was explained using Koop’s phe-
nomenological theory.®* Enhanced dielectric- and satura-
tion-magnetization of Eu-doped BFO are reported in Table 6
and they are very useful for application in the fabrication
of potential devices in spintronics, nanoelectronics and for
memory storage.

4.2. B-site doping

The B-site substitutions are made by replacing the Fe3* ions
by other transition metal ions. Since the conduction band of
BFO is related to the d-orbital state of Fe3*ions, B-site substi-
tutions can have a strong influence on the physical properties
by changing the electronic structure near the Fermi level. The
substitution may result in ordered structures of dopant ions or
random distributions which are strongly related to the ionic
radius of the dopant. Hence, B-site doping modifies the elec-
tronic and magnetic properties that may reduce the leakage
currents.
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Table 5. Summary of reported Gd-doped BFO nanostructures.
Method of synthesis Structure(s) Reported significance Source
Solid-state reaction Distorted rhombohedral structure Enhanced magnetization, magnetoelectric coupling and Ref. 93
route to pseudocubic phase low activation energy values
Solid-state reaction Rhombohedral phase to Great enhancement in the remnant magnetization (M,) and Ref. 94
method orthorhombic H, values
Sol-gel-derived Transition from rhombohedral to Enhancement of remnant magnetization Ref. 95
route orthorhombic
Sol—-gel method Rhombohedral to orthorhombic Enhanced ferromagnetic character and magnetization Ref. 96
values. Gd doping reduced the leakage current by four
orders of magnitude
Novel slow step Rhombohedral structure to Ferroelectric and ferromagnetic properties got enhanced Ref. 97
sintering route orthorhombic
Table 6. Summary of reported Eu-doped BFO nanostructures.
Method of synthesis Structure(s) Reported significance Source
Sol-gel method Distorted rhombohedral High dielectric constant Ref. 100
structure
Solid-state reaction method Rhombohedrally distorted Improved dielectric properties, decreased Ref. 101
perovskite structure optical bandgap
Solid-state reaction method Rhombohedral Saturated P—E loops, reduced leakage current Ref. 102
Sol-gel method Rhombohedral Enhanced magnetization Ref. 103

4.2.1. Ni-doped BFO nanostructures

Several studies have been devoted to improving the multi-
ferroic properties of BiFeO; with the reduction of size to
nanoscale on improvement of the magnetic properties of
BiFeOs;. This can be done through cation substitution realized
by B-site (Fe-site) doping, with the magnetic ions of Nj!'04-106
for enhancing magnetization. The Ni atom was considered as
a candidate for the enhancement of magnetic properties due
to the fact that its ion radius is similar for substitution which
may be attributed to the size effect of nanostructures and their
magnetic properties.

BFO and Ni-doped BFO nanoparticles were reported to
be successfully synthesized via the low-temperature sol-gel
method by Nadeem et al.'"” The remanent polarization of
the Ni-doped BFO sample was reported to be 19.43 times
higher than that of pristine BFO. The Ni doping leads to a
significant improvement in the dielectric, magnetic and fer-
roelectric properties of BFO. The reported increase in the
magnetization may be due to the suppression of spin spiral
structure because of the nanosized particles. Both the dielec-
tric constant and the loss tangent were reported to decrease
with increase in frequency because of the possible interfacial/
space-charge polarization phenomenon. The strength of the
dielectric constant depends on the space charge that is asso-
ciated with the density of oxygen vacancies.!"” The leakage
current was reported to decrease with increase in the doping
concentration due to the suppression of impurity phases.!%’
Hence, Ni doping was reported to be effective in improving

the dielectric as well as multiferroic properties of BFO. The
material characteristics of these reported samples could be
highly useful in various device applications.

Betancourt-Cantera et al.'® synthesized BiFe,_Ni O,
(0 £ x £ 0.5) by high-energy ball-milling method and the
structural and multiferroic properties were studied and
reported. Behavior modifications of electrical conductivity,
permittivity and dielectric loss versus frequency that are
related to the crystal structure transformations with increased
nickel concentrations were studied and reported. The dielec-
tric loss and conductivity were enhanced due to the oxygen
vacancy generation.

(BiFe,_Ni, O; (x = 0, 0.05, 0.1, 0.2, 0.3) nanoparticles
were successfully synthesized by a simple solution method
by Khajonrit et al.'® in 2017. The increasing of Ni content
with the decreasing of crystallite size was reported to improve
magnetization. Moreover, to study the electrochemical prop-
erties, the samples were fabricated as electrodes. The increas-
ing of Ni content decreased the specific capacitances. But the
BiFe, ¢sNi, osO; electrodes with a small mesopore size were
reported to exhibit an enhanced capacity retention as high as
82% after 500 cycles, which can be considered as a good can-
didate for use in supercapacitors.

Kumar and Yadav'% studied and reported the structural,
magnetic, magnetocapacitance and dielectric properties of
BiFe,_,Ni,O; nanoceramics prepared by the sol-gel method.
Dielectric constant was found to decrease with increase in
frequency. The magnetization and dielectric constant were

2130001-8



A. J. Preethi & M. Ragam

reported to be enhanced in the quenched samples than those
of the normal sintered sample. Low variation in magnetoca-
pacitance with an applied magnetic field was reported. The
reported magnetization of the sample was 3.2 emu/g and the
dielectric constant at room temperature was 930.

4.2.2.  Mn-doped BFO nanostructures

Among the B-site substitutions, the Mn substitutions in BFO
were known to enhance the ferromagnetic as well as ferro-
electric orders by their possible existence in both Mn* and
Mn** valence states'!? and they are dependent strongly on the
dynamics of domain walls in multiferroic materials.!!!-113

Ghahfarokhi et al. reported the structural, magnetic,
dielectric and optical properties of Mn-doped BFO nanopar-
ticles prepared by sol-gel method. The particles showed
decrease in their crystallite size with increase in the doping
concentration. The particles exhibited strong ferromagnetic
properties and high bandgap with increased doping concen-
tration. The dielectric constant and dielectric loss decreased
with increased electrical conductivity by doping.!*

Multiferroic Mn-doped BFO nanoparticles were syn-
thesized using sol-gel auto-combustion method by
Dhanalakshmi et al.''> Manganese was found to reduce the
oxygen vacancies due to its multivalent states due to which
the electrical and magnetic properties can be reduced. It was
reported that the dielectric and ferromagnetic properties were
enhanced along with the magnetoelectric coupling and hence
they can be used in multiferroic device applications. The rel-
atively high dielectric constant €’ of the Mn-doped BFO with
increasing concentration of Mn confirmed the space-charge
polarization.

The structural phase transition and surface morphology
changes lead to enhanced magnetic properties in Mn-doped
BFO sample prepared using the standard coprecipitation
method by Awasthi e al.!'® The enhancement of ferroelectric
behavior and suppression of the leakage current density due
to Mn doping were reported. The electrical conductivity of
the doped samples was reported to be enhanced.!®

4.2.3. Cr-doped BFO nanostructures

According to Kanamori rule,!'-'° the spin coupling of
Fe-d>~O-Cr-d’ bond is likely to develop ferromagnetic order-
ing in the perovskite while the stereo-active 6s> lone pair is
understood to give rise to ferroelectricity.

Sinha et al. synthesized Cr-doped BFO nanoparticles by
the sol-gel method.'?® The increase in Cr doping concentra-
tion resulted in decrease in grain size with enhanced dielec-
tric properties and suppressed leakage current. In the reported
work, the value of P, increased by nearly three times in pure
BFO nanoparticles, which can be attributed to a reduction
in the leakage current. It was reported that owing to the
enhanced ferroelectric and magnetic properties, these materi-
als are used to design efficient memory devices. Due to their
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absorption property in the visible spectra, they are used in
photocatalytic applications.

Cr-doped nanoceramics synthesized using sol-gel route
by Kumar and Yadav showed enhanced magnetization and
magnetocapacitance.'?! The dielectric constant and dielectric
loss were found to exhibit the same behaviors with increas-
ing frequency as reported in previous reports. The dielectric
constant of a material can be influenced by various factors.
As reported for Cr-doped BFO nanoceramics,'?! the change
of dielectric constant (¢) by the variation of magnetic field
can be induced not only by magnetoelectric coupling effect
but also by other factors such as the magnetostriction effect,
which occurs due to the change in lattice parameters by
applying the magnetic field. The change in lattice parameters
results in the change in shape or dimension of the particle and
thereby affecting the dielectric properties. Similar findings
were reported by Kumari er al.® and Sheoran et al.?*

4.2.4. Ti-doped BFO nanostructures

The existence of mixed valence state of Fe ions (Fe2*/Fe3*),
existence of oxygen vacancies and the existence of spiral
spin modulation in BFO system are some of the problems
due to which it is difficult to derive the ferromagnetism with
net magnetization.’® Ti doping is considered to be one of the
most effective methods to overcome the above-mentioned
problems because Ti* ions can reduce the concentrations of
oxygen vacancies and Fe* ions in BFO ceramics, and thus
the dielectric loss and conductivity could be reduced.!??-124
Also, it enhances the magnetization because it breaks the
balance between two adjacent antiparallel spin lattices of
Fe3* ions.

The Ti-doped BFO nanoceramics synthesized by Tian
et al.'® provided a proof that the polarization can be switched
on applying the electric field and hence, the ferroelectric
domains can also be controlled in nanoscale. With Ti doping,
large remanent polarization (P,) and maximum polarization
(P, were observed, which are significantly larger than
those of BFO ceramics.

4.3. Oxygen-site substitution

It is well known that BFO loses oxygen, resulting in the for-
mation of both bulk and surface vacancies in O-site substi-
tution. The presence of such oxygen vacancies changes both
the electrical and magnetic properties of BFO. Seidel et al.'?
have reported the impact on the electrochemical properties of
B, ,Ca, ;FeO;_ 5 due to the oxygen vacancies.

4.4. BFO thin films for the enhancement of
dielectric properties
BFO thin films have attracted more and more attention due

to excellent ferroelectric performance.!?’ Recently, Wang
et al.'*® have reported BFO thin film on the SRO/STO
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substrates with high remnant polarization. The structure of
epitaxial BFO film is closely related to the thickness of the
film and the epitaxial strain on different substrates. Further,
doping of other elements affects the structure of the BFO
thin films.'?°

BFO thin films usually suffer from large leakage current
due to the oxygen vacancies and Fe?* ions in the samples,!3%-13!
so interface effects play a notable role in the BFO thin-film
capacitors. Lee et al. have found that the film—electrode inter-
faces greatly affect the leakage current of BFO thin films.!3?
A high coercive field was reported in the BFO film on LNO,
which had probably originated from the small grain size of the
BFO films. Leakage current, which is one of the conventional
problems, was reported to be greatly reduced with remarkable
improvement in the interface, chemical homogeneity, crystal-
linity and surface roughness of the BFO film.'32

Dielectric properties of the BFO thin films were inves-
tigated in In/BFO/LSMO capacitor configuration by Liu
et al.'3® The capacitance was reported to decrease with
increasing bias voltage and frequency at low frequencies.
It was reported that the interfacial polarization leads to the
strong dependences of capacitance of the BFO thin-film
capacitors on frequency and bias voltage at low frequencies.

Shah et al. prepared bismuth iron oxide (Bi,_ K FeO;)
thin films using sol-gel and the spin coating methods.'3* It
was reported that ferromagnetic behavior arises in doped
BiFeO; films due to suppression of helical spin structure. The
presence of dopant atoms in BFO host lattice was reported
to reduce the number of oxygen vacancies,'® thus reducing

J. Adv. Dielect. 11, 2130001 (2021)

the conductivity of the films and consequently increasing the
dielectric constant up to a dopant concentration of 0.15 wt%.

The relationships of structures, surface morphologies as
well as magnetic properties of codoped thin films prepared
using the sol—gel technique were systematically studied and
reported by Bai er al.!3¢ The reported enhancements of M, and
M, were mainly derived from the decrease of oxygen defects
concentration, the denser agglomerations, the enhanced
superexchange interaction and the breakdown of spiral spin
structure. These results demonstrated that Co** doping in
BFO thin films is an effective method to improve their mag-
netic characteristics. Codoped BFO thin films are considered
to have better application prospects in multiferroic memory
devices, information storage and magnetic switch devices at
room temperature.

Yan et al.'¥ fabricated the ruthenium (Ru)-doped BFO
(BFRO) films by the pulsed laser deposition system. The
leakage current of the BFRO film was reported to decrease.
A better coupling between ferroelectric ordering and ferro-
magnetic ordering had been reported via doping Ru ions into
the Fe site of BFO. The improved ferroelectric, ferromagnetic
and dielectric properties of the BFRO film were ascribed to
the reduced concentrations of defects and defect dipole com-
plex, valence effect of Ru ions and a different domain behav-
ior. The enhanced magnetic properties of ruthenium-doped
BFO are reported to arise due to the distorted spin cycloid
and canting angle of Fe ions in the Ru-doped BFO film. The
decrease in oxygen vacancies corresponds to the lower leak-
age current densities.'3’

Table 7. Summary of various reported nanocomposites.

S. no. Nanocomposite Method Size Reported significance Source
1 BiFeO;-PbTiO4 Solid-state reaction 0.2-0.8 ym Reduced activation energy Ref. 142
2 BFO-NFO Sol-gel 10-7 nm Improved dielectric constant Ref. 143
3 BiFeO;—CoFe,0, Sol—-gel 15-25 nm Increase in magnetization Ref. 144
4 BiFeO;—MnFe,0, Sol-gel auto- 60-90 nm Enhanced dielectric properties  Ref. 145
combustion
5 Sol-gel auto- 700-1200 zm Enhanced ferroelectric and Ref. 146
combustion ferromagnetic properties
6 BiFeO;-MgFe,0, Sol—-gel 30-50 nm Enhanced magnetic, dielectric ~ Ref. 147
and ME responses
7 BiFeO;—ZnFe,0, Citrate sol-gel Size of BiFeO; is 26 nm and size  Improved ME coupling effect = Ref. 148
precursor method of ZnFe,0, is 21 nm
8 BiFeO;—CoFe,0, (core—  Sol-gel auto- Size of the cores is 10-35 nm and  Increase in saturation Ref. 149
shell nanocomposites) combustion method size of the shells is 40-100 nm magnetization
9 BiFeO;—CoFe,0, (tubular Magnetron sputtering 7- and 9-nm tall with edge Enhanced conductivity Ref. 150
interfaces) lengths of less than 120 nm
10 BiFeO;-BaTiO; (disc- Solid-state reaction Diameter ~10 mm with 1 mm of ~ Thermally stable dielectric and Ref. 151
shaped) method thickness energy storage properties
11 BiFeO;-Fe;O, (irregular ~ Sol-gel Size of BFO in the range of Increased photocurrent density ~Ref. 152
shape) 43-51 nm and size of Fe;O, in and photoemission

the range of 10-12 nm
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La-doped BFO thin films were grown on Pt/TiO,/SiO,/
Si substrate using pulsed laser deposition by Yan et al. in
2010."3 With La doping, highly enhanced ferroelectric prop-
erties with great remnant polarization (P,) and decreased
leakage current density were reported. The leakage current
density was reported to be reduced up to two orders of mag-
nitude for La-doped samples when compared with BFO.!38
An enhancement in magnetic property was also reported,
ascribed to spatial homogenization of the spin arrangement.
La dopant significantly enhanced the dielectric constant from
190 to 290 at 1 kHz.

4.5. BFO as multiferroic composites

Magnetoelectric materials can be divided into two categories:
single phases and composites. Different ferroic properties
can be combined in the same phase of a crystal, provided that
the right symmetry of the ferroic phase and the appropriate
pair of the prototype phase point group—ferroic phase point
group were reported.'3%140 The composites are mixtures of
ferroelectric and ferromagnetic materials, that offer a much
higher magnetoelectric coefficient than single phases but the
magnetoelectric coupling is merely restricted to interfaces.'#!

The composites Bij,sDy,Fe,_O; (sPbTiO; (x=0, 0.05,
0.10, 0.15, 0.20) were prepared by a high-temperature
solid-state reaction technique by Mohanty er al.'*? X-ray
analysis confirmed that the composites had a tetragonal crys-
tal structure. The average grain size was reported to be in
the range of 0.2-0.8 um. The dielectric constant was reported
to be increased with increase in the Dy concentration. The
increased value of bulk polarization was reported either due
to charge reordering (electronic ferroelectrics) in which the
existing charge distribution reordering is in a nonsymmetric
fashion to induce electric polarization or through structural
transition or magnetic ordering.'#?

The variation of AC conductivity of the compos-
ites as a function of temperature was reported to exhibit
Arrhenius type of electrical conductivity. The composites
showed negative temperature of coefficient of resistance.
The activation energy was reported to be of small value and
increased slowly with increase in the concentration, due to
the strong intra-atomic Coulomb repulsion between the f—f
electrons.

Kaur and Verma'#? synthesized the nanocomposites of
Bi,_.FeO;_NiFe,0, for x= 0.2, 0.4 and 0.6 by the sol-gel
technique and its various properties were studied and reported.
The average particle size was reported to be decreasing from
10 nm to 7 nm as the concentration of NiFe,O, increases.
The saturation magnetization increased up to 10 emu/g on
increasing the NiFe,O, concentration. The dielectric constant
was reported to increase with increase in the concentration
of nickel ferrite. It was confirmed that coercivity increased
slowly with decrease of temperature in the nickel ferrite—
bismuth ferrite composite.!*3> The polarization values were
found to decrease as a result of intrinsic contribution.

J. Adv. Dielect. 11, 2130001 (2021)

Das et al.'** prepared the BiFeO,—CoFe,O, nanocom-
posites with the nominal formula of Co,Fe,O, (_,BiFeO,
(x=0.2,0.3, 0.4), by using the sol-gel method. TEM images
exhibited that particle sizes of the prepared samples are in
the 15-25-nm range. Room-temperature M—H hysteresis
loops of nanocomposites have reported substantial incre-
ment in magnetization value in comparison with that of the
pristine BFO and this value is found to increase with the
increase in CFO content. The dielectric constant versus tem-
perature curves of all samples exhibited increment of dielec-
tric constant with increasing temperature. The variation in
dielectric constant with applied magnetic field (magnetoca-
pacitance) confirmed the presence of magnetoelectric cou-
pling. Hence, both magnetic and magnetoelectric properties
were enhanced. The change in capacitance in the presence
of magnetic field is often known as magnetocapacitance
which is a measure of ME coupling in a material. Hence,
magnetocapacitance of a material generally arises from both
the intrinsic and extrinsic effects. A positive magnetocapaci-
tance effect is reported due to the increase in MC values with
increasing magnetic field.

(BFO),_,(Fe;0,), nanocomposites synthesized by disper-
sion of Fe;O, nanoparticles into sol-gel-synthesized BFO
were reported by Bagiah et al.'>> The bandgap decreased
with increase in the doping concentration. The photocurrent
density was reported to be enhanced. Modulations in physical
properties were observed in the BFO-Fe;O, nanocomposite
samples, which make it a potential material for photoenergy
conversion applications.!3?

It is known that structure/phase degeneracy in solids is
crucial in modern functional material design. The energy
degeneracy of different polar structures with varying sym-
metries at the phase boundary gives rise to significant
reduction of polarization anisotropy as well as domain
wall energy, which further brings about the formation of
nanodomains.

In a recent study, Pan ef al.!>3 reported that the coexistence
of rhombohedral and tetragonal nanodomains embedded in a
cubic matrix achieved simultaneously high polarization and
low loss. This is associated with the enhanced relaxor prop-
erty. The polarization was reported to be enhanced whereas
the dissipation energy was decreased with suppressed dielec-
tric loss over the wide temperature and frequency ranges.'>
Hence, the polymorphic nanodomain design improved the
overall dielectric energy storage performance and therefore
can be used in a number of functional applications.

The polymorphic nanodomain approach by Pan et al. may
also be applied in AFE to eliminate the polarization hysteresis
and achieve high efficiency. The polymorphic nanodomain
contributed to the high energy density of 112 J/cm? with a
discharge/charge efficiency of 80%. Similarly, Yang et al.'>*
in 2020 designed a flexible BFMO-SBT thin-film capacitor
that exhibited a high recoverable energy storage density (61
J/cm?) and a high efficiency of 75% combined with a fast
discharging rate of 23.5 ys.
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5 Summary and Outlook

Multiferroic nanomaterials have attracted great interest due
to the simultaneous presence of two or more properties such
as ferroelectricity, ferromagnetism and ferroelasticity that
promise wide applications in multifunctional, low-pow-
er-consumption and eco-friendly devices. BFO exhibits both
(A)FM and FE properties at room temperature and plays a
significant role in multiferroic system. In this review, the
development of BFO nanomaterials, including their mor-
phology, structure and properties for energy applications,
was systematically analyzed and discussed.

This review presents an overview of the dielectric proper-
ties of BFO nanomaterials, thin films and BFO nanocompos-
ites which were prepared using various synthesis techniques
exhibiting unique properties like ferroelectricity, ferromag-
netization, magnetoelectric coupling, remnant polarization,
piezoelectricity, enhanced photocurrent and current density.
It was observed that progress has been made in each site of
doping, thereby exploring various multiferroic properties.
The size, shape and structural changes contribute to the
variation of magnetoelectric property in multiferroic mate-
rials. The leakage problem of the multiferroic materials was
reported to be decreased as a result of both A-site and B-site
doping.

It was analyzed that some interesting improvements and
achievements have been made in the energy storage and
photovoltaic applications, but there are still few issues that
have to be resolved in order to exhibit their maximum per-
formance. The aspects to be highlighted from this review are
summarized as follows.

A-site substitution reports were reviewed and it was found
to influence the band structure and properties dependent on
ionic size of the substitution elements. Increase in Ca/Pb
doping reduced the leakage current and dielectric loss. Rare-
earth-doped BFO enhanced magnetization and improved the
dielectric properties. Cation-substituted B-site (Fe-site) dop-
ing with increased concentrations of the magnetic ions of Ni,
Cr, Mn and Ti was reviewed, and enhanced magnetic prop-
erties with decreased crystallite size were reported as suit-
able candidates for supercapacitor applications. Enhanced
dielectric properties of BFO thin films due to thickness and
dopants of film and epitaxial strains on the different sub-
strates were studied. BFO composites were reviewed and
reported to offer higher magnetoelectric effect. The sponta-
neous polarization and remanent polarization of BFO are key
parameters for energy storage. Further, the enhancement of
magnetic properties is reported at the expense of electrical
performances and its impacts on energy storage properties
are also reviewed. The discussions of electric and magnetic
properties are related to each other and their impacts on BFO-
based energy storage systems are summarized in few notable
reports. This review acts as an update and encourages more
researches to push on the development of BFO nanomaterials
for energy applications in the future.
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