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Nanostructured bismuth ferrite nanoparticles:
synthesis, characterization, electrical/magnetic
properties and photocatalytic performance

M. H. Ghozza,a Ahmed T. Mosleh, b Elbadawy A. Kamoun, *cd

Mahmoud Abdel-Aty,ef M. Alfiras,g Mohamed Hafez Ahmed,h Shawkat Alkhazaleh,i

V. Ganesh,jk H. Y. Zahranjk and Ibrahim S. Yahia*jk

Nanostructured bismuth ferrite (BiFeO3) single-phase nanoparticles with 76.2% crystallinity and 100%

perovskite structure were synthesized using a co-precipitation method. The X-ray diffraction pattern

confirmed the perovskite structure of BFO, and Rietveld refinement demonstrated the presence of a

triclinic structure with the P1 space group. The Scherrer and Williamson–Hall equations were used to

calculate the crystallite size (63 and 83 nm, respectively) with a grain size of almost 246 nm and an acti-

vation energy of 0.53 eV. The accumulation of free charges at interfaces, which correlate with the sam-

ple bulk and the interface between the compound and electrode space-charge polarization, was the

reason behind the high values of e0. As the frequency increased up to 1000 Hz, both dielectric constant

e0 and dielectric loss e0 fell quickly. In contrast, at high frequencies, the e0 became more frequency-

independent, notably when e0 increased with a temperature of up to 423 K. The sample exhibited

considerable soft ferromagnetic-like activity due to the acquired nanoscale structure that promotes spin

coating in the BiFeO3 antiferromagnetic phase. The significant coercivity 2624.5 Oe provides each

materials in permanent magnetic and transformers. Photocatalytic activity of the BiFeO3 nanocomposite

under UVA-light irradiation was performed using Congo red dye. The maximum photocatalytic

degradation efficiency after 200 min for CR was 66%. The exceptional electrical and magnetic

characteristics of nanostructured BiFeO3 provide new possibilities for its use in potential technological

applications, i.e., spintronics, data storage microelectronics, and water treatment.

1. Introduction

One of the most researched multiferroic magneto-electric
compounds is bismuth ferrite (BiFeO3, BFO). It reveals the
coexistence of magnetic and ferroelectric orders at ambient
temperature, where ferroelectricity is thought to be driven by
the 6 s lone pair electrons of bismuth. Meanwhile, magnetic
ordering results from the partly filled d orbital of the Fe
atom. Additionally, BFO is a potential lead-free piezoelectric
material with the highest value of remnant polarization (Pr 4
100 mC cm�2), according to Baek et al. (2011), which makes it
appealing for ferroelectric capacitor devices and an extremely
high Curie temperature (TC = 830 1C). As reported, in bulk
BiFeO3, three phases are identified: a, b, and g.1 Ait Tamerd
and his colleagues concluded that BFO comprises two sublat-
tices: the electric dipoles at Bi-sites (the unit cell center)
comprise the ferroelectric sublattice. In contrast, the magnetic
sublattice involves an anti-ferromagnetic order of Fe-spins
and the defect concentration effect on the performance of the
device fabricated from BFO.2
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This ferrite is extensively researched because ferroelectric
and magnetic order are coupled at ambient temperature.
Numerous useful applications, including ferromagnetic resonance,
data storage, sensors, magneto-electric memories, photocata-
lysts, spintronics, diversity of nanoelectronics, and photovoltaic
facilities, are made possible by these material groups’ intriguing
physical characteristics.3–10

These potential materials exhibit single-phase multiferroic
behavior based on experimental and theoretical investigation.
Recently, a lot of research has been done on these materials.
However, bismuth ferrite has a more favorable viewpoint
because of its special multifunctional qualities. Since co-precipi-
tation can quickly and affordably manufacture homogeneous
nanosized particles, it is a more suited method. Because of
bismuth’s low evaporation temperature, the preparation of
bismuth ferrite is challenging. As a result, secondary phases
of bismuth ferrite are produced alongside the primary phase.
Synthesis can resolve this issue using the co-precipitation
method, although the reaction forbids the development of
secondary phases. Recently, the co-precipitation approach has
been used to produce BFO nanoparticles. Although they could
regulate many processing parameters for the synthesis of BFO,
the impure phases could not be eliminated.11

Two factors prevented BiFeO3 from being used in novel appli-
cations: its small resistivity and significant loss factor due to
oxygen non-stoichiometry and its weak magnetism, which is
antiferromagnetic below TN.11,12 The secondary phases through
BFO synthesis and the volatile nature of Bi at high sintering
temperatures hinder the practical use of BFO in the industry.
The primary sources of leakage current that impact BFO
conductivity are the transformation of Fe3+ into Fe2+ and the
formation of oxygen vacancies. Establishing superior multi-
ferroic order in BFO is challenging because of impurity phases
such as Bi25FeO39 and Bi2Fe4O9.7

Oxide composition, which establishes their phase stability
and physicochemical characteristics, is greatly influenced by
oxygen stoichiometry. A deformed triclinic perovskite structure
and a P1 space group display G-type antiferromagnetic ordering
below the Neel temperature (TN = 370 1C) and ferroelectricity
below the Curie temperature (TC E 830 1C). Since both transi-
tions occur above room temperature, magnetoelectric (ME)
applications might be possible for both.4 BiFeO3 is one such
material possessing both multiferroic and magnetoelectric
capabilities, despite all multiferroic materials lacking magneto-
electric features and vice versa. BiFeO3 has a distorted ABO3-
type perovskite structure, because it is ferroelectric lower
830 1C and antiferromagnetic lower 370 1C and due to the
secondary phase development, BiFeO3 has limited industrial
applicability.

Additionally, when metal doping is done, it is known that
oxygen vacancies might increase magnetism. Bi0.6Sr0.4FeO3�d
was chosen for the study for this reason as well because there
will be two contributions to magnetism.6 In a brief amount of
time, at room temperature, Catalan and Scott prepared pure
BiFeO3 using an ultrasonic technique without surfactants. The
results revealed the increased purity of the material calcined

at 600 1C. They discovered that BiFeO3 is unstable at higher
temperatures, leading to the formation of secondary phases,
including Bi2Fe4O9 and Bi25FeO40. However, secondary phases
and other related impurities limit the actual application of
BiFeO3 due to leakage current issues. This is connected to the
intricate dynamics of the Bi2O3–Fe2O3 phase diagram: at high
temperatures for a prolonged period, the production of stable
compounds, including Bi2Fe4O9 and Bi25FeO40, takes prece-
dence, while the loss of Bi2O3 prevents the BiFeO3 phase from
forming. Various wet chemical techniques, including sol–gel,
hydrothermal, microwave-assisted hydrothermal, and electro-
spinning processes, were used to overcome these challenges to
prepare high-purity BiFeO3. Specifically, many authors claim
that the ultrasonic manufacturing process can produce a pure
BiFeO3 phase.5

Eliminating organic contaminants from wastewater repre-
sents a noteworthy aspect of environmental conservation.
Using bleaches, additional marketable pigments, and various
toxic dyes has brought attention to environmental remediation
initiatives.13 One of the primary classes of organic compounds,
dye components, have a variety of advantageous applications
in daily life. For instance, up to 80% of all dyes come from
the leather, paper, plastic, and textile industries. The primary
category of global water pollutants comprises synthetic dye
compounds and other dyestuffs. Ultimately, between 1 and
15% of synthetic fabric colors used in various manufacturing
end up in wastewater channels and major water streams.14,15

A common synthetic anionic dye used as a photosensitizer to
color hair, paper, and clothing is called Congo red (CR). CR is a
carcinogenic or extremely hazardous dye, even at low doses,
according to toxicological assessment.16 It is difficult to remove
dyes from wastewater completely.

Recently, photodegradation of wastewater utilizing nano-
structured semiconductors has been demonstrated to be possible
with solar energy.17,18 Many techniques, including adsorption,
have been suggested to get rid of this harmful dye,19 advanced
oxidation, photocatalysis,20 and biodegradation.21 Photocataly-
sis is a popular choice among them since it provides a dye
treatment procedure that is safe, economical, effective, and eco-
friendly. Because of the phase’s relatively small temperature
stability range, it isn’t easy to synthesize bulk BFO in its single-
phase and stoichiometric forms. Furthermore, it is challenging
to regulate the sample’s oxygen stoichiometry because mag-
netic defect ions, contamination phases (e.g., Bi25FeO39, Bi2O3,
and Bi2Fe4O9), and variations from the ideal oxygen stoichio-
metry are always visible.22 To investigate the structural, elec-
trical, and magnetic characteristics of multiferroic materials
and the photodegradation of Congo red dye, BiFeO3 nano-
structure was prepared in this work utilizing a co-precipi-
tation method.

Herein, BiFeO3 NPs were synthesized using a co-precipi-
tation method using Bi5H9N4O22 as a raw material instead of
BiNO3. The precise procedures used during the synthesis were
studied to obtain a single phase of nano-BiFeO3 compared to
multiphases of bulk BiFeO3 at a low sintering temperature and
a reduced sintering time. The structure and electrical and
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magnetic properties were explored to introduce such materials
in novel applications such as photocatalysts and energy storage
applications (Fig. 1).

2. Materials and methods
2.1. Materials

Bismuth subnitrate Bi5H9N4O22 (purity 99%, Sigma Aldrich),
ferric(III) nitrate Fe(NO3)3�9H2O (purity 98%, LOBA chem), nitric
acid HNO3 (purity Z65.0%, Merck), sodium hydroxide NaOH
((purity Z97.0%, Merck), Congo red dye C32H22N6Na2O6S2

(purity Z75.0%, Sigma Aldrich). Sodium chloride (NaCl, purity
98%, LOBA Chem, India), sodium nitrate (NaNO3, purity
98%, LOBA Chem, India), ascorbic acid (C6H8O6, purity 99%,
Sigma Aldrich, Germany), isopropyl alcohol (C3H8O, purity
99%, Alpha Aeser, India), and distilled water (DW) were used.

2.2. Preparation of the BFO nanocomposite

Chemical co-precipitation was employed to prepare BiFeO3

nanoparticles. Stoichiometric amounts of Bi5H9N4O22 and
Fe(NO3)3�9H2O in diluted nitric acid were dissolved in deio-
nized water using a usual process. To make up for the bismuth
that disappeared throughout the experiment, an additional 3%
bismuth subnitrate was added.23 After vigorously swirling them

together, a transparent solution could be formed. Deionized
water and NaOH were used to make a solution of the same
volume. Maintaining the solution’s pH at 9.3 throughout the
operation is important to manage the chemical precipitation
process. Two different beakers were filled dropwise and
simultaneously with NaOH and metal nitrate solutions while
stirring vigorously at 1500 rpm. A brownish colloidal precipitate
was generated by mixing liquids. Ultimately, the goods were
gathered and repeatedly cleaned with ethanol and distilled
water until they achieved a pH of 7. The powder was dried
for 3 h at 110 1C before being calcined for 5 hours at 650 1C. The
preparation scheme is shown in Fig. 2(a). Eqn (1) shows the
chemical equation for the synthesis of BFO NPs:

[Bi5H9N4O22] + Fe[(NO3)3�9H2O] + nNaOH - BiFeO3

+ nNaCl + nH2O (1)

2.3. Photocatalytic activity

To study the photocatalytic activity of the BiFeO3 nanocompo-
site, a photodegradation reaction of dye solution under UVA
light irradiation was performed. The photoreactor system was
assembled and designed by ECCM Company in Egypt (Fig. 2b).
An exceptional wooden box (80 � 70 � 80 cm, L � W � H) was
encased in the photoreactor that uses UVA-visible lamps. The
inside is made up of fourteen carefully managed lights, seven of
which are ultraviolet-A (UVA) lamps at 367 nm, with a length of
45 cm and an applied power of 18 W, and seven of which are
blue-white (BW) lamps at Z420 nm, with a length of 60 cm and
an applied power of 18 W (made by Philips Co., Germany). The
merged sample rested in a photoreactor and was exposed to
UVA light afterward.24 First, an aqueous solution of Congo red
dye (CR; 10 ppm) was prepared before the addition of the
photocatalyst. In a typical photocatalysis reaction, 50 mL of
the dye solution was taken in a beaker and mixed with 0.01 g of
the catalyst. The prepared solution was stocked in the dark for

Fig. 1 Structure of Congo red dye.

Fig. 2 (a) Scheme of the co-precipitation processes of nano-BiFeO3 and (b) scheme of the used UVA-photoreactor designed by ECCM Company,
Egypt.
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30 min to fix and reach the adsorption–desorption equilibrium.
A UV-visible spectrophotometer was used to observe the degree
of degradation of the dye. The degradation efficiency of the dye
was computed using the following equation:25

Degradation efficiency ¼ A0 � A

A0
� 100 (2)

where A0 is the initial absorbance of the dye and A is the
absorbance at the chosen time. All absorbance values were
determined by maximum absorption at 495 nm for CR dye in
the absorption spectrum.

2.4. Characterization of the BiFeO3 nanocomposite

X-ray diffraction (Bruker D8 Discover Germany) measurements
were used for testing the powder sample using CuKa radiation
(l = 1.5415 Å), 40 kV, and 40 mA. The structural parameters
were determined by high scores and Rietveld refinement soft-
ware programs. The morphological and elemental analyses of
the synthesized samples were performed using a SEM model,
JEOL JSM-6390, Japan, close fitted with an energy dispersive
spectroscopy (EDS) system at a voltage of 20 kV and with
different resolutions of 3 mm, 1 mm, and 500 nm. The average
particle size was calculated using the ImageJ software program.
The magnetization measurements were performed at ambient
temperature using a Lake Shore VSM7410 vibrating sample
magnetometer with a field range of �20 kOe. The powder is
ground well in an agate mortar for half an hour and pressed in
a die as a pellet with 13 mm diameter and 2 mm thickness at
300 bar pressure. The electrical resistance (R) is measured
using a homemade electrometer from room temperature to
150 1C. DC conductivity (s) is measured using the traditional
equation s = L/RA, where L is the thickness and A is the cross-
section area.

Dielectric measurements were performed with a dielectric
broadband spectrometer in the 1 Hz–100 kHz frequency range

at ambient temperature from 25 to 150 1C with a temperature
step of 5 1C. A JASCO UV-Vis single beam spectrophotometer
was operated to track the photodegradation process under
room conditions.

3. Results and discussion
3.1. Structural perspective

X-ray diffraction patterns of BiFeO3 are shown in Fig. 3(a).
BiFeO3 was generally observed to be in a rhombohedral phase
with the space group R3c. However, the crystal structure is
indexed via the Foolproof refinement software program in the
present experiment. The triclinic system structure (space group:
P1) was claimed to be the most stable.26 The triclinic P1 phase
standard data (JCPDS # 01-072-2112) and Bragg angles 2y of
BiFeO3 are similar. No secondary phases are displayed, reflect-
ing the structure’s high purity. The predominant peak at the
(110) planes of BiFeO3 corresponds to the peak at 32.91. Thus, a
drop in crystallite size and increasing the lattice strain are
responsible for the peak’s broadening.27 The Debye–Scherrer
formula was used to determine the crystallite size (D),28 as
given in eqn (3).

D ¼ kl
bD cos y

; (3)

where l is the occurrence radiation wavelength (1.5415 Å), bD is
the full-width at half-maximum in radians, y is the angle of
diffraction, and D is the crystallite size of the most intense
peak. The shape factor (k) = 0.89 is also included. The Scherrer
equation yields a crystallite size of 62.8 nm. Additional para-
meters determined for XRD are the degree of crystallinity for
the produced matrix (Xc), the microstrain (e), and the dis-
location density (d).

The solid black line represents the estimated pattern; the
red symbols characterize the experimental data. The solid blue

Fig. 3 (a) X-ray diffraction patterns of BiFeO3 and (b) Rietveld refinement patterns of BiFeO3. The red symbols represent the experimental data, whereas
the calculated pattern is a solid black line. The difference pattern between the calculated and experimental data is a blue solid line. Blue vertical bars
represent Bragg peak positions for their respective crystal structures, and (c) the electron density distribution is achieved using Fourier transformation.
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line represents the pattern of discrepancy between the experi-
mental and computed data. For each of their crystal forms,
Bragg peak positions are shown by blue vertical bars. A solid
blue line represents the pattern of disagreement between the
computed and experimental data. Blue vertical bars indicate
Bragg peak positions for each of their crystal forms.29–31

bw = bD + be, (4)

which might be represented as follows:

bw ¼
kl

D � cos yþ 4e tan y; (5)

Lastly, after being rearranged, it is presented as32

b � cos y ¼ kl
D
þ 4e sin y; (6)

One may calculate the dislocation density using the power two
reciprocal of the crystallite size.33

d dislocation densityð Þ ¼ 1

D2
; (7)

Here, it is confirmed that the straight-line and previously
obtained equations are strikingly similar. The grasped micro-
strain is shown by the slope of the line (slope = 4e). On the other
hand, the crystallite size is confirmed by the clear intersection
of the line with the vertical y-axis. This relationship, known as
the Williamson–Hall relation, exists between b cos y and sin y.24

Fig. 4a represents the relation matched to a straight line, where
the crystallite size is expected to be 82.7 nm and compared with
those obtained from Scherrer’s equation. The XRD parameters
are listed in Table 1. Moreover, the characteristic degree of
crystallinity or % perovskite formed (Xc) is derived from the
relationship between the area of all peaks (Xall) and the area
beneath crystalline peaks (Xcrys.) for a completed composite34,35

reasonably computed with the original software (Fig. 3(b)).

xc ¼
xcrys:

xall
� 100; (8)

Fig. 3(c) shows Rietveld refinement of BiFeO3 with refined
parameter about w2 = 1.4 giving lattice parameter values a =
5.5754 (5) Å, b = 5.6320 (8) Å, c = 5.5785 (3) Å, a = 60.31 � 0.002,
b = 59.97 � 0.004, and g = 60.35 � 0.005. These results agree
with those reported by Ishrat Naz et al.26 They discovered that,
for pure BiFeO3, the bond length of Bi–O is 2.573 Å, and the
bond angle of Fe–O–Fe along the [0%10] direction is 155.131.
Following multiple refinement rounds, P1’s final fractional
ratios are 100%.

3.2. Microstructural analysis

Fig. 5a and b display the microstructure of BiFeO3 at dissimilar
scales 3 mm, 1 mm, 500 nm, and 300 nm. An average particle size
of 245.9 nm is obtained when BiFeO3 crystallizes, representing
agglomerate particles having unequal axes. The particle size
histogram is revealed in Fig. 5b. Fig. 5c, which illustrates the
energy dispersive spectroscopy results of BiFeO3, shows the
atomic% of elements Bi, Fe, and O as 0.12, 0.39, and 99.48,
respectively. The atomic percentages of Bi3+ and Fe3+ ions are

compared, and it appears that the former is less abundant than
the latter due to the volatilization of Bi3+ ions throughout heat
treatment, which is predicted to change the material’s electrical
and magnetic properties.36

3.3. FT-IR analysis

FT-IR spectra of produced BFO nanoparticles at the n 400–
4000 cm�1 region are shown in Fig. 4b. The formation of a

Fig. 4 (a) Williamson–Hall plot with linear fitting parameters of nano-
BiFeO3, (b) FTIR spectra of BiFeO3 nanoparticles, and (c) temperature
dependence of DC electrical conductivity of nano-BiFeO3.

Table 1 Structural parameters of nano-BiFeO3

I.C.S.D. 01-072-2112 BiFeO3

%Crystallinity 76.2
%Perovskite 100
Crystallite size Scherrer 62.8
Crystallite size, nm (W–H) 82.7
Grain size, nm 245.9
Strain e � 10�3 2.07
Dislocation density � 10�4, nm2 2.5
V, Å3 124.45
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perovskite structure is verified by FT-IR analysis. Because of
strong bonding, metal-containing nitrogen and oxygen vibra-
tions typically occur in the infrared spectrum below n 600 cm�1,
meaning that they are typically found in high energy ranges.11

O–Fe–O bending vibrations and Fe–O tensile vibrations asso-
ciated with FeO6 groups in the perovskite compounds are
represented by two peaks at n 556.10 and 449.58 cm�1.37

The band corresponding to O–H vibrations is seen at n
3444.78 cm�1. NH vibrations can be seen in the same region,
although they may overlap with the O–H band because of
widening. Nitrate tensile vibrations have also been reported
at the n 1060–1162 cm�1 range.38

3.4. Temperature dependence on DC electrical conductivity

It was discovered that the conductivity of BiFeO3 showed a
linear trend with temperature, suggesting a thermally activated
transport mechanism.39 The Arrhenius relationship can be
used to calculate the activation energy.39 An Arrhenius-type
equation was used to fit the portion of the curve to determine
the activation energy needed to start conduction:40

sDC ¼ s0e
�Ea
kBT ; (9)

where T is the temperature, kB is Boltzmann’s constant (kB =
8.617 � 10�5 eV K�1), Ea is the activation energy, and sDC is a
pre-exponential factor. The change of sDC versus 103/T is shown
in Fig. 4c. Based on the conductivity and modulus spectra, the
activation energy values are 0.53 eV. Notably, the activation
energy value is consistent with the literature and is in the same
order of magnitude as other materials based on iron.41,42 The
activation energy of BiFeO3 was determined by fitting the curve
depicted in Fig. 4c.

3.5. Frequency and temperature dependence of AC
conductivity

Under controlled temperature variations between 298 and
423 K, BiFeO3 orthoferrite’s dielectric characteristics and AC
conductivity were measured in the frequency range of 1 Hz–
100 kHz. The sample impedance Z, sample capacitance Cp, and
loss tangent tan d were measured directly using a programma-
ble automatic HIOKI 3522-50 L.C.R. HiTester meter. Every
capacitance Cp value that was extracted from the bridge screen
was parallel to the resistance R. Using the following equation,
the total conductivity st(o) was determined:22

sTðoÞ ¼
d

AZ
; (10)

where A is the sample cross-sectional area and d is the sample
thickness. The relationship was used to compute the AC con-
ductivity, sAC(o):23

sAC(o) = sT(o) � sDC(0), (11)

where sDC(0) is termed as the DC conductivity. According to
eqn (9), Fig. 6(a) and (b) depict the variation of sAC(o) with the
temperature between 298 and 423 K and frequency between 1
and 100 kHz. As the temperature rises, sAC falls, as shown in
Fig. 6a, suggesting that charge carrier hopping has a relatively
weak temperature dependence. As seen in Fig. 8b, hopping
conduction is the main mechanism; this behavior was covered
in a previously published study.43 Since the frequency’s pump-
ing force aids in the movement of charge carriers between the
various localized states, conductivity rises with frequency.

3.6. Frequency and temperature dependency of e0 and e00

Eqn (12) was used to obtain the dielectric constant:

e0 ¼ Cpd

Ae0
; (12)

Fig. 5 (a)–(c) SEM of BiFeO3 at different magnifications, (d) histogram of particle size, and (e) EDX and percentage of elements.
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where e0 is the free space permittivity (8.85 � 10�12 F m�1), A is
the sample cross-sectional area (m2), d is the sample thickness
(m), and Cp is the capacity in Farad that was acquired straight
from the bridge. Eqn (13) was utilized to compute the dielectric
loss e00.

e00 = e0 � tan d, (13)

Fig. 6(a) shows that at higher frequencies, sAC does not depend
significantly on temperature. While for low frequencies, sAC

depends on temperature. The sAC increases with increasing tem-
perature from RT to 333 K and decreases again beyond T = 333 K.

The frequency-dependence of dielectric constant e0 at var-
ious temperatures is displayed in Fig. 7(a) and (b). Similar
dielectric constant behavior was seen in other literature studies
that were examined.44,45 The figure demonstrates that e0 rises
with temperature and falls with frequency. Since e0 for polar
materials is mostly described at low frequencies by the multi-
component of polarizability, deformational (ionic and electronic)
and relaxational (orientational and interfacial) polarization, the
reduction of e0 with frequency can be explained naturally.43

Initially, displacement of the valence electrons, considering the
positive nucleus, causes electrical polarization. The frequencies
at which this kind of polarization occurs are as high as 1016 Hz.
Ionic polarization, the second kind, is brought about by the
displacement of positive and negative ions. Ionic polarization
reaches its highest frequency at 1013 Hz. Third, if the material

has molecules with a permanent electric dipole moment that
may shift their orientation in the direction of an applied electric
field, dipolar polarization will occur. Dipolar polarization occurs
at up to 1010 Hz in frequency. The last one is space charge
polarization, which is brought on by interfaces that impede
mobile charge carriers. The usual frequency range for space
charge polarization is 1–103 Hz. The sum of these four polariza-
tion kinds can be used to determine the dielectric material’s
overall polarization.46 Total polarization is a term that can be
used to describe the findings of this investigation. Since orienta-
tional polarization takes longer than electronic and ionic polar-
ization, it diminishes as the frequency increases. As a result,
interfacial polarization-corresponding values of the dielectric
constant fall and eventually reach a constant value at higher
frequencies.

Ahmed et al.47 illustrated how a drop in e0 at high frequen-
cies causes the friction between the dipoles to grow, which in
turn increases the amount of heat created and disturbs the
alignment of the dipoles. On the other side, the figure indicates
that e0 rises as the temperature does. Dipoles cannot orient
themselves at low temperatures due to orientational polariza-
tion associated with the thermal motion of molecules, which is
responsible for the temperature-dependent increase of e0. The
dielectric constant e0 increases with temperature because an
increase in temperature facilitates the dipole’s orientation and
raises the value of orientational polarization. The rise in the

Fig. 6 (a) and (b) Temperature and frequency dependence on AC electrical conductivity of nano-BiFeO3.

Fig. 7 (a) and (b) Frequency dependence of e0 and e00 of nano-BiFeO3.
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degree of crystallinity is also the cause of the increase in e0. M.
A. Ahmed et al. also47 clarify that to release the localized dipoles
to be orientated in the direction of the field, decreasing e0 in
low-temperature regions to the thermal energy applied to the
samples was not enough. On the other hand, thermal energy
frees other localized dipoles at high temperatures, and the field
attempts to align them in its direction by rotational or orienta-
tional motion, which increases e0.

Fig. 7(b) illustrates how the dielectric loss e00 varies with
frequency at various temperatures. The magnitude of the
dielectric loss increases as the temperature rises. Three com-
ponents comprise the dielectric loss: vibrational, dipole, and
conduction losses. Large-scale ion movement is likely involved
in the loss attributable to conduction. This motion is identical
to that which happens when direct current is conducted. The
ions transcend the network’s maximum potential. Heat is
transferred from the moving ions to the lattice in proportion
to sAC, and this heat loss occurs once every cycle. Conduction
losses are at their lowest at low temperatures, whereas they rise
with temperature because sAC(o) increases with temperature.
As a result, the value of e00 increases with temperature. Dipole
polarization originates from the increase in dielectric loss at
low frequencies.

Conversely, e00 diminishes as frequency increases within the
examined range. Since the main reason for the dielectric loss e00

at low frequencies is ion migration, the reduction of e00 with
frequency may be explained. As a result, in addition to ion
polarization, e00 at low and intermediate frequencies is exem-
plified by great values of e00 because of the contributions of ion
jump and conduction loss of ion migration. However, e00

diminishes at higher frequency values because ion vibrations
can be the only source of dielectric loss at such frequencies.
The hopping theory of charge carriers over a potential obstruc-
tion between charged defects can be utilized to examine the
acquired e00 data.43

3.7. Magnetic characterization

Fig. 8 shows the M–H hysteresis loop of BiFeO3 at a range �20
kOe at room temperature. The systematic magnetic property
has been detected, and the samples show substantial size
hysteresis loops, indicating hard ferromagnetic activity and
the isotropic crystalline magnetic structure. The magnetization
curve does not reach saturation even at a magnetic field of
20 kOe, the maximum magnetization Ms = 0.68351 emu g�1,
coercive field Hc = 2624.5 Oe, and remnant magnetization Mr =
0.26314 emu g�1. This result indicates that the perovskite
crystalline structure has good magnetic applicability compared
to that reported in ref. 48.

This finding is comparable to some reported results
elsewhere.11,45,47,49,50 Pure and rare earth-doped BiFeO3 poly-
crystalline ceramics are tabulated in Table 2. Significant value
Ms of BiFeO3 arises from the good structural and morphological
properties, which in turn accompanied the formation of a pure
BiFeO3 nanostructured phase. Doga Bilican et al.50 reported
that because of the size effects, which cause the spiral spin
structure to be suppressed and lead to antiferromagnetic spin

canting, BiFeO3 may potentially contribute to ferromagnetism.
Thus, the main source of the detected ferromagnetic reaction
may be the reinforcement of antiferromagnetic spin canting by
nanostructuring processes, which results in a greater net
magnetism.

Conversely, the great magnitude of coercivity at 650 1C may
have to do with forming other paramagnetic phases, which
most likely tend to separate the BFO grains. The diminishing
dipolar and exchange interactions between granules may harm
the coercivity. The average magnetic moment per molecule
(meff) unit in the Bohr magneton of BiFeO3 is calculated using
eqn (14);47

meff ¼
Mw �Ms

5585
; (14)

where Mw denotes the sample’s molecular weight, and Ms

denotes its saturation magnetization.49 meff gives the number
of Bohr magnetons (BM) per molecule and is roughly estimated
using the above equation to be 0.031 BM. This demonstrates
that BiFeO3 has the potential for connecting magnetic and
electrical ordering, making it appropriate for use in a magnetic
storage medium. On average, the magnetic moment per Fe ion
in BiFeO3 is 0.0049mB per Fe.11 With the discrepancy between
the significant magnitude of our sample and others ascribed to
nanoparticles lesser than approximately 62 nm, the intrinsic
spiral spin structure with a period length of B62 nm is also
largely suppressed, resulting in the observed weak magnetism
consistent with that reported elsewhere.54 High concentrations
of dislocations in BiFeO3 NPs may be utilized to openly control
their magnetic properties because they produce an unusual
magnetic behavior that changes the magnetic hysteresis from
an antiferromagnetic-like to a weak-ferromagnetic-like loop
when high dislocation density and reduced crystallite size are
introduced.55

3.8. Photocatalysis features

BFO was subjected to photocatalytic measurement to check its
efficiency in degrading Congo-red dye (CR). The photocatalytic

Fig. 8 Magnetization vs. magnetic field of nano-BiFeO3.
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activities of BFO are shown in Fig. 9(a); the degradation
efficiency of BFO is 65.5% in 200 min, showing a considerable
CR dye removal with BFO. As illustrated in Fig. 9(b), under
visible light irradiation, results demonstrate that the degrada-
tion reactions often follow a Langmuir–Hinshelwood apparent
pseudo-first-order kinetics equation. The kinetic linear simula-
tion curves of the photocatalytic degradation of CR by BFO are
shown in Fig. 9(c):56,57

ln
A

A0

� �
¼ �kt; (15)

where A is the absorbance at the desired time, t is the time, k is
the rate constant, and A0 is the dye’s initial absorbance. Fig. 9(c)
shows that the apparent first-order rate constant k for BFO was
0.00693 min�1. The following relationship was used to calcu-
late the dye solution’s 50% (T1/2, or half-life) duration:58

T1=2 ¼
0:693

k
; (16)

It was found that Congo red dye’s half-life value (T1/2) for the
example BFO is approximately 100 minutes. Fig. 9(c) displays
the observation and diagrams related to the rate constant.

3.9. Photocatalytic degradation mechanism of CR dye

Fig. 9(d) illustrates the reactive species that contribute to the
degradation of CR. The hydroxyl radicals (�OH), superoxide
radicals (O2

��), electrons (e�), and holes (h+) were captured by
isopropanol (IPA), ascorbic acid (ASC), sodium nitrate (NaNO3),
and sodium chloride (NaCl), respectively. According to the
figure, the degradation rate significantly drops when IPA and
ASC are used as trapping agents, demonstrating the critical role
that O2

�� radicals play in photodegradation. However, when
IPA is used, the activity nearly stays the same as that of BiFeO3

NPs, indicating that the �OH radical affects photocatalytic CR
dye degradation.59 To break down the CR dye, this produces
holes (h+) and electrons (e�) on the BiFeO3 NP catalytic surface.
The production of �OH radicals on the photocatalyst surface,
which results from the oxidation of the H2O molecule, causes
the diazo groups in CR dye to be broken down.60,61 The water
molecule on the absorbing hole (h+) gives �OH radicals, which
produce H2O and CO2 byproducts beyond reactions. The basic
steps in equation form are as follows (eqn (17)–(21)):

BiFeO3 + hn - BiFeO3(h+) + BiFeO3(e�) (17)

O2 + e� - O2
�� (18)

Table 2 Some BFO photocatalysts and the effectiveness of organic pollutants’ photodegradation

Catalysts Dyes Catalyst dose (g) Dye concentration Light sources Time (min) Degradation efficiency (%) Rate constant (min�1) Ref.

BFO CR 0.01 10 ppm UVA 200 65.7 0.00693 Present work
BFO CR — 1 ppm Hg lamp, 160 W 360 30 — 51
BFO RhB 0.02 1 � 10�5 M Visible light 60 — 0.0692 52
BFO CR 1 10 ppm Solar light 60 77 — 53

Fig. 9 (a) The absorption spectra of CR solution under visible light irradiation, (b) degradation efficiency, (c) kinetic rate constant, and (d) trapping agent
of CR dye with BiFeO3 NPs.
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h+(VB) + H2O - H+ + OH� (19)

O2 + 2H2O + 2e�(CB) - 2OH� (20)

OH� + O2
�� + CR dye - CO2 + H2O (21)

4. Conclusions

Using a chemical co-precipitation approach, bismuth ferrite
nanoparticles were effectively produced at 650 1C for three
hours of calcination. XRD patterns were utilized to implement
structural and phase studies. XRD data verify that a crystallite
size of 62.8 nm could be produced containing just a pure BFO
phase, free of any impurities or secondary phases. Based on the
Rietveld refinement of the sample fitted with the Foolproof
Program, a triclinic structure with the space group P1 was
found. The SEM image also demonstrates the regular distribu-
tion and average size of the particles (245.9 nm) that comprise
bismuth ferrite. With significant dielectric losses, all current
samples have dielectric constants in the region of 103. These
losses are mostly caused by DC conduction in these samples.
The Arrhenius curve and the behavior of activation energies
suggest that the ionic conduction sample is predominant.
Examining the samples’ magnetic characteristics reveals that,
at room temperature, the nanoparticles behave in a hard
ferromagnetic manner. At the same time, it is an antiferromag-
netic material with a bulk cycloidal spin structure. The co-
precipitation process with sintering temperature is projected to
be the ideal condition for obtaining the pure phase of BFO in a
form appropriate for the interesting electrical and magnetic
issues that would stimulate device applications. After
200 minutes, CR’s greatest photocatalytic degradation effi-
ciency was 65.7%, and �OH radical affects photocatalytic CR
dye degradation.
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