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ABSTRACT: Manganese-doped bismuth ferrites were synthesized using the 0o ALBFO 5287 w2172
coprecipitation method with the green extract Azadirachta indica. Our incorporation 0L = 2% Mn-BFO
of the transition element, manganese, into bismuth ferrites tackles the challenge of e Mu-BEO
increased leakage current often observed in intrinsic bismuth ferrites. We gained key
insights through a comprehensive examination of the structural, dielectric, and optical
properties of these materials, utilizing Fourier transform infrared spectroscopy (FTIR),
impedance spectroscopy, and UV—visible spectroscopy, respectively. The formation of
an octahedral geometry was confirmed using the FTIR technique. UV—visible
spectroscopy indicated that 2% Mn doping is optimal, while we obtained a low band
gap energy (2.21 eV) and high refractive index (3.010) at this amount of doping. The
manufactured materials exhibited the typical ferrite-like dielectric response, that is, the 0 .
dielectric parameter gradually decreased as the frequency increased and then stayed ' ’ ’
constant in the high-frequency range. Using the diphenylpicrylhydrazyl (DPPH) free
radical assay, we also examined the antioxidant activity of bismuth ferrites. We concluded that among different Mn-doped
BiFeMnO;-based nanomaterials, the 2 wt % Mn-doped BiFeMnO; shows the highest antioxidant activity. This finding substantiates
the efficacy of the optimized material with regard to its potent antioxidant activity, positioning it as a promising candidate for
potential biomedical applications.
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1. INTRODUCTION distribution in sublattices and dopant substitution have all had

Ferrites have drawn the attention of researchers due to their a major influence on their dielectric, structural, and optical

significance in various technological applications including
optoelectronics with microwave and radio frequencies. The
most vital aspect of research along this line is the fabrication of
required novel materials.” Among numerous transition metals,
ferrites (iron oxide compounds) are an essential class of
semiconductors that can be favorably used in ceramic coatings
for solar cells, actuators, transformer cores, sensors, multistate
memories, optoelectronic devices, and magnetic storage
media.’ > Ferrites have been actively explored in connection
with their potential applications in clay capacitors, drug
delivery, computer technology, powerful arbitrary access
memory, transducers, ferro fluids, high-density information
storage, and cancer therapy.®”'” Bismuth ferrite, which is a
compound with the chemical formula BiFeO; (BFO), is one of
the multiferroic materials at ambient temperature. To promote
applications of bismuth ferrites in a variety of devices, it is

properties.>'® In multiferrites, these properties can be
achieved by choosing an appropriate synthesis method.
Multiferrites are often manufactured using hydrothermal,
microwave combustion, ball milling, autocombustion, sol—
gel, and coprecipitation processes.'

Antioxidants are known as chemical compounds that have
properties that prevent, inhibit, or regulate the oxidation of a
substrate. The compound could be either organic or inorganic.
The base is termed an oxidizable base. Definitions of
antioxidants, however, changed depending on their uses. In
food science, the word “antioxidant” is implicitly restricted to
compounds that block free lipid radical chains. However, the
widespread presence of free radicals necessitates a more
detailed, inclusive, and broadly recognized description.
According to Halliwell (1990, 1995), an antioxidant is “any

necessary to improve their properties in a way that they have a Received: July 2, 2023
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decreasing dielectric loss and leakage current. Altering
temperature and reaction time, pH, particle size, and cation
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Figure 1. Fabrication of Mn-doped BFO.
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substance present at low concentrations compared to those of
an oxidizable substrate and significantly retards or prevents
oxidation of that substrate.” The substrate can be potentially
oxidized when obtained from in vivo or in vitro systems.
However, the concept and action of antioxidants were initially
described by in vitro investigations. Thus, antioxidants in food
science have been modified in light of the characteristics of the
substrate and antioxidant itself. The oxidation of food
components is inhibited, delayed, or controlled by chemicals
present in foods in relatively small amounts. This prevents food
spoiling and increases the shelf life. Oxidation was delayed as a
result of the oxidation inhibition. The delay in the oxidation
process thus extends the shelf life of foods. They are divided
into primary antioxidants and secondary antioxidants. Based
on how antioxidants work, this classification was developed.
For instance, the main antioxidants neutralize free radicals
either by a single electron transfer (SET) mechanism or by
donating an H atom (hydrogen atom transfer, abbreviated as
HAT). To effectively neutralize a large number of free radicals,
these antioxidants are typically needed only in minimal
amounts. One major factor contributing to these antioxidants’
variety in nature is their high catalytic capabilities. Antioxidants
that are phenolics fall into this category. These antioxidants
can be quickly produced again. The process of neutralizing
pro-oxidant catalysts has been used to describe secondary
antioxidants. Examples include substances such as ethyl-
enediaminetetraacetic acid (EDTA) and citric acid (CA) that
act as chelators for pro-oxidant metal ions (such as Fe and
Cu). Reactive substances like singlet oxygen may be
neutralized by secondary antioxidants like carotene. These
antioxidants typically only neutralize one free radical, making
them quickly deplete.”!

A lot of research is being done to produce properly doped
BFO materials utilizing a variety of processes in order to
achieve the necessary results. For example, Mn-doped BFO has
a relatively high resistivity, higher dielectric constant, lower
leakage current, and lower dielectric loss.**** Pure BFO
codoped with Mn and In, known to reduce leakage current,
was also examined.”* Due to its several benefits, including
production of ultrafine particles with a tiny size in a relatively

brief period of time at very low temperature and allowance of
flexible stoichiometric control, the coprecipitation technique
has drawn interest from many researches in fabricating
nanosize ferrites. The Mn dopant was preferred due to its
smaller size and greater stability. The increased surface-to-
volume ratio of nanoparticles contributes to their antioxidant
activity.”> Compared to bulk materials, studies on Fe,O, and
CoFe,0, indicated their higher antioxidant activity.”*’

Considerable research has been dedicated to generating
appropriately doped BFO (bismuth ferrite) materials through
various techniques; however, a research gap exists concerning
the antioxidant activity of Mn-doped BFO materials.”® The
literature also lacks an exploration of the relationship between
Mn doping in BFO synthesized by Azadirachta indica and its
antioxidant properties. Motivated by this lack, we try to delve
into their novel aspect beyond conventional electrical and
structural characteristics. This study seeks to address this gap
by systematically examining the antioxidant activity of Mn-
doped BFO materials, potentially yielding broader applications
beyond traditional uses as antioxidants find importance in
biomedicine and materials science for combating oxidative
stress. Furthermore, the study’s outcomes could pave the way
for multifunctional Mn-doped BFO materials with combined
electrical, optical, dielectric, and antioxidant properties,
inspiring innovations in electronics, sensors, and catalysis,
where diverse material properties are sought after.

2. EXPERIMENTAL SECTION

The given chemicals were used in the fabrication of
BiFe,_,Mn,O; multiferroic: bismuth nitrate (Bi (NO;);-
SH,0), manganese chloride (MnCl,), iron nitrate (Fe-
(NO;);-9H,0), sodium hydroxide (NaOH), distilled water,
and ethanol.

2.1. Methodology. A. indica, iron nitrate, manganese
chloride, and bismuth nitrate were used to synthesize Mn-
doped bismuth ferrite nanoparticles using the coprecipitation
technique. All chemicals were purchased from Fisher with
99.99% purity except A. indica. Fresh A. indica was obtained
from the field of the Lahore region in Pakistan. A. indica was
washed several times with water and ethanol to remove
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unwanted ingredients from it. 40 g of A. indica leaves was first
mixed with 200 mL of distilled water, and the combination was
subsequently heated on a hot plate to 100 °C for 60 min. A
fine greenish solution was obtained after filtering. This solution
is the bioactive extract that houses compounds such as
polyphenols and flavonoids, acting as reducing agents and
stabilizers for nanoparticle formation. Gradually introduced to
metal salt solutions under controlled conditions, the extract’s
compounds initiate metal ion reduction, fostering nucleation
and small cluster formation. These nuclei enlarge as more
metal atoms are reduced and deposited with manganese ions
incorporating into the growing BFO crystal lattice. To
maintain the pH 10—12, sodium hydroxide solution was
gradually added under constant stirring. Achieving desired
nanoparticle size and morphology, nanoparticles are heated at
1000 °C in a muffle furnace for 2 h, promoting crystallization,
eliminating residual organics, and enhancing structural
integrity. Throughout annealing, nanoparticles experience
further crystalline growth, assimilating manganese ions into
the BFO lattice and culminating in Mn-doped bismuth ferrite
nanoparticle formation.

The synthesized nanoparticles are then characterized using
FTIR (model), UV—vis spectroscopy (model), and impedance
spectroscopy (model) to assess their structural, optical, and
dielectric properties. The schematic view of the synthesis
process is shown in Figure 1.

3. RESULTS AND DISCUSSION

3.1. Fourier Transform Infrared Spectroscopy (FTIR).
The FTIR spectra of BiFe,_ Mn,O; nanostructures with x = 0,
2, and 4%, synthesized at 1000 °C for 2 h in the range of 500
to 2500 cm™!, are presented in Figure 2. Metal oxide
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Figure 2. FTIR of BiFe,_ Mn,O; (x = 0, 2, 4%).

interactions such as Mn—0, Fe—O, and Bi—O are related to
absorption peaks ranging from $00 to 1500 cm™*’ The
absorption bands at 611 and 875 cm™" are associated with Fe—
O stretching vibrations.'” The small bands appeared at 720
cm™! interconnected with O—Fe—O vibrations, which
demonstrates the octahedral geometry of the FeO4 group in
perovskite materials; therefore, all samples have perovskite
structures.’”’' The absorption peaks observed at 1100 and
1449 cm™ are interlinked with C=C and C=0 stretching
vibrations, respectively.”> The broad absorption spectra at
1100 cm ™! indicate bending vibrations of nitrate (NO;~) ions,
and these bands vanish as the concentration of the Mn dopant
increases. The formation of oxygen gaps in the samples is
produced by the disappearance of Fe—O vibrations at 720

cm™! and the replacement of this band by hole valleys at 875
cm™ as the concentration of Mn increases.”

3.2. UV-Visible Spectroscopy. UV—visible spectroscopy
of the prepared bismuth ferrites is illustrated in the Tauc plot.
The formula shown below can be used to calculate the band
gap measurements of all prepared samples.’*

ahv = B(hv — E,)" (1)

Here, E,, B, hv, and a are the energy band gap, absorption edge
width parameter, incident photon energy, and absorption
coeflicient respectively, whereas n is an exponent value
dependent on indirect (2) and direct transition (1/2), across
the energy band gap.” The variation in band gap values
resulting from Mn doping in bismuth ferrites signifies a
significant interplay in optical characteristics, as shown in
Figure 3. The observed decrease in energy band gaps with
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Figure 3. Band gap energy of BiFe; . Mn,O; (x = 0, 2, 4%).

increasing Mn concentration (229 - 221 - 225 eV for x =
0, 2, 4%, respectively) stems from the intricate interplay of
crystalline size alterations and the introduction of defect-
induced energy levels near the conduction band. This band gap
reduction, in turn, enhances the material’'s capability to
facilitate charge transfer and electron mobility. This better
charge transport capability as a result of the lower energy
barrier may improve the device performance. A promising
method for improving material characteristics and producing
enhanced functional materials for many applications is the
targeted regulation of the band gap using Mn doping.””*°

3.3. Dielectric Constant. The dielectric constant was
plotted against the frequency in Figure 4 in order to investigate
the frequency-dependent dielectric dispersion of Mn-doped
bismuth ferrites. To compute the dielectric constant of each
composition, we used the following equation’”

L _ ()
gA (2)

where ¢’ is the dielectric constant, d is the thickness of plate, &,
is the electric permittivity of the free space, Cp is the parallel
capacitance derived through an impedance analyzer, and A is
the cross-sectional area of the plate. In all concentrations (x =
0, 2, 4%), the dielectric measurement of the samples exhibits
consistent behavior, providing crucial insights into the
material’s electrical properties. The dielectric constant
decreases and becomes more significant as the frequency
becomes higher. Specifically, the dielectric constant exhibits a
pattern of increasing with temperature and loss, and this trend

https://doi.org/10.1021/acsomega.3c04714
ACS Omega 2023, 8, 42390—42397


https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04714?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
90- ]
.
J A
80 - 0% 74
O/ r
70 A : i"/: 6. 0%
=604 ° 2%
§ 1 54 s 4%
@ 50 A
5 E z 44
o c N
o 404 A ] ®
E A S
3 304 »
° n\ 2
(=]
20 N ]
104 04 8844 8 & & & &
o T T T T T
1 2 3 4 5 6 1 8 00  50x10° 1.0x10" 1.5x10" 2.0x107

log f

Figure 4. Dielectric constant of BiFe,_Mn,O; (x = 0, 2, 4%).

is more pronounced at higher frequencies. This phenomenon
is attributed to the carriers taking time to align with the
direction of the electric field. At elevated frequencies, the rapid
rotation of the field prevents carriers from reorienting
themselves to match the field direction. It is noteworthy that
all three samples exhibit characteristic ferrite behavior, where
the dielectric constant starts at high values in the low-
frequency range and decreases as freguency increases,
eventually stabilizing at higher frequencies.””*® Highly resistive
grain borders and highly conducting grains make up a
polycrystalline material. Highly resistive grain boundaries are
active in the low-frequency range, preventing conduction and
producing a high value for the dielectric constant. However, in
the high-frequency regime, low resistive or strongly conducting
grains start to become active, which causes conduction and a
low value for the dielectric constant. High-resistance grain
boundaries (no conduction) become active and increase at low
frequencies. Low-resistive grains become active at high
frequencies, leading to the electric conduction being
increased.”

3.3.1. Tangent Loss. Tangent loss (tand) refers to the
dissipation of energy in dielectrics. Tangent losses in materials
are, in general, caused by imperfections, impurities, and defects
in the crystal lattice, where these losses make polarization lag
behind the applied external field. The numerical value of tan &
for each sample was computed using the equation”

1
(22fCpRy) (3)

where R, is the parallel resistance, Cp is the parallel
capacitance, f is the frequency, and 0 is the loss angle.
According to the Maxwell-Wagner model of polarization
together with Koop’s phenomenological theory, energy loss
and dielectric constant are almost independent of frequency at
higher frequencies.”” This phenomenon implies that polar-
ization in any polycrystalline material is brought on by well-
conducting grains spaced apart by weak grain boundaries.
Space charges may follow the applied field because of their
longer relaxation times at lower frequencies, but because they
lag the applied field at higher frequencies, they are unable to
rest. Tangent loss and dielectric constant both increase with
increasing Mn concentrations at lower frequencies; however, at
higher frequencies, both exhibited frequency independent
behavior. Figure S depicts the tangent loss plotted against
frequency. At high frequencies of 5—50 kHz, especially
between S and 10 kHz, the tangent loss increases as the

tan 6 =

Frequency (Hz)

Figure S. Tangent loss vs frequency for BiFe;_Mn,O; (x = 0, 2, 4%).

dopant concentration increases from x = 0.0S to 0.1. Both the
dielectric constant and tangent loss exhibit conventional ferrite
behaviors, i.e., they decrease with increasing frequency. On the
other hand, tangent loss increases with increasing doping
concentration of manganese.“’42

3.3.2. Concentration. Figure 6 describes the fluctuations of
the dielectric constant (¢’) with concentration. By increasing
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Figure 6. Dielectric constant vs concentration of BiFe,_ Mn,O; (x =
0,2, 4%).

the concentration of all samples, the dielectric constant is
enhanced. The increase in sample porosity and reduction in
particle size with an increasing concentration can both be used
to describe the dispersion in the dielectric constant for all
samples. The result is a surface area with a high resistive
nature, which causes the grain boundary region being
expanded, while the contact with neighboring grains contracts.
More structural defects are introduced as a result of the
accumulation of charge carriers at the interface caused by the
grain boundaries and increased porosity. The effects of Mn
doping and increasing number of grain boundaries have been
associated with structural variations and enhanced dielectric
values. """

3.3.3. Refractive Index. The optical refractive index (n,) of
bismuth ferrites is given by*

1+R 4R,
= —k
1-R \/(1—R)2 (4)

n,

https://doi.org/10.1021/acsomega.3c04714
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where R is the reflectance and k is the extinction coefficient
that will be defined later. This equation was used to calculate
the reflectance spectrum of bismuth ferrites having concen-
trations of x = 0, 2, and 4%. The corresponding results are
depicted in Figure 7. These observed values clearly show how

3.012

This equation was used to compute the absorption spectrum of
bismuth ferrites having concentrations x = 0, 2, and 4%, that is,
by using the extinction coefficient k, it is possible to estimate
the amount of absorption loss associated with electromagnetic
wave propagation. The corresponding computation is shown in
Figure 9. We can confirm from this figure that the extinction

3.010 4 —e— % (BiF eMnO3)
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3.004 4
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Figure 7. Refractive index of BiFe;  ,Mn,O; (x = 0, 2, 4%).

the Mn content affects the refractive index of bismuth ferrites.
A noticeable pattern develops when more Mn is incorporated
into the ferrite structure: a rise in Mn concentration is
accompanied by an increase in the refractive index. The
interaction between Mn dopants and the crystal structure of
bismuth ferrites is responsible for this phenomenon. Mn ions
cause the atomic structure to be disturbed, which changes the
electronic energy levels and produces local field effects. As a
result, the refractive index is impacted, rising as the Mn
concentration increases. With the given values, the refractive
index clearly increases from 2.998 at x = 0 to 3.010 at x = 2%
and further to 3.005 at x = 4% (Figure 8).***

3.3.4. Extinction Coefficient. The extinction coefficient k of
bismuth ferrites is represented as*’

al
k=—
41 ()

—a— BiFeMnO3

2

Extinction Coefficient (k)

g
b=3
«w
A

x=0 x=2% x=4%
Sample

Figure 8. Plot of the extinction coefficient of BiFe,_ ,Mn,0; (x =0, 2,
4%).
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Figure 9. Graph b/w number of sample percentage inhibition of
BiFe,_Mn,O; (x = 0, 2, 4%).

coefficients of the pure and Mn-doped bismuth ferrites are
3.045, 3.030, and 3.036 in turn. The extinction coefficient
decreases as the Mn concentration increases, demonstrating
that the quality of bismuth ferrites is directly interrelated with
reduced optical losses through absorption.

3.4. Antioxidant Activity. The antioxidant activity of the
samples was determined by using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical, implementing a slightly
modified method described in ref 48. Antioxidant action of a
phenolic compound can be explained on the basis of a HAT
mechanism or a single-electron mechanism. In HAT, a free
radical and an antioxidant with a H atom, represented by AH,
interact with each other. While the antioxidant is changed to
an antioxidant free radical (A*), the free radical is stabilized
and becomes a neutral species. The phenolic antioxidant (AH)
can give the free radical substrate, a H atom, in exchange as
well as an antioxidant free radical (A*), forming a nonradical
substrate (RH, ROH, or ROOH) species: "’ this process can be
represented as

R+ AH —» RH + A

RO® + AH —» ROH + A

ROO® + AH — ROOH + A

RO® + A" — ROA

ROO® + A" - ROOA (6)

The reduction potential explains why an antioxidant gives up
one atom of hydrogen. Shahidi and Ambigaipalan (2015)
indicated, in relation with this, that “unless the reaction is
kinetically infeasible, any compound that has a reduction
potential lower than that of a free radical (or oxidized species)
is capable of donating its hydrogen atom to that of the free
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radical.” Using the following formula, the percentage inhibition
activity of the samples and standard was calculated.
A —A
percentage inhibition = M X 100

A (7)

A, = absorbance value of the control.

A, = absorbance value of samples.

The antioxidant activity of the samples was determined by
their DPPH radical scavenging activity, which is explained in
Table 1.

Table 1. Percentage Inhibition of Mn-BFO (x = 0, 2, and
4%)

SI. no. samples percentage Inhibition
BFO (0) 17.24 + 0.054
) BFO (2%) 3218 + 0.12
3. BFO (4%) 32.87 + 0.044

Values are expressed as mean + standard deviation when n =
S. The impressive percentage suppression of DPPH radical
scavenging activity in 5 wt % Mn-doped BiFeMnOj; is
demonstrated in Figure 9, which also highlights the material’s
substantial antioxidant potential. Notably, BFO (x = 0%)
showed a 17.24% percentage inhibition, whereas BFO (2%)
and BFO (4%) showed higher inhibitions of 32.18 and 32.87%,
respectively. This information highlights the substance’s
potency in scavenging free radicals, an essential property in
the fight against oxidative stress-related disorders. The
synergistic effect of manganese incorporation and the intrinsic
antioxidant characteristics of the bismuth ferrite matrix is
responsible for the improved DPPH radical scavenging activity
of the 5 wt % Mn-doped BiFeMnOj;. Manganese is a transition
metal that exhibits redox activity, allowing it to participate in
catalytic processes that neutralize free radicals. Bismuth ferrites
have a unique crystal structure and electrical arrangement that
further enhance their ability to scavenge radicals. This
exceptional antioxidant activity enables applications in
biomedicine. In biomedical applications, a material’s ability
to resist oxidative stress is essential for preventing cellular
damage and maintaining overall health. The 5 wt % Mn-doped
BiFeMnO; demonstrates excellent antioxidant effectiveness,
making it a suitable choice for therapeutic interventions
focused at diseases associated with oxidative stress. Its
numerous advantageous traits, which combine enhanced
electron mobility and effective radical scavenging, offer hope
for extending biomedical applications and assisting in the
development of cutting-edge antioxidant-based technologies.

4. CONCLUSIONS

In this study, a Mn-doped BiFe,O; was successfully
synthesized using the coprecipitation method with the
assistance of a green extract, A. indica. Fourier transform
infrared spectroscopy (FTIR) analysis revealed distinct metal
oxide interactions involving Mn—O, Fe—O, and Bi—O bonds
within the 500—1500 cm™ range. This confirmed the
successful formation of Mn-doped BiFe,0O; (Mn-BFO). A
low band gap energy (2.21 eV) and high refractive index are
observed at 2% of Mn-doped BFO, which is due to different
ionic radii of host and doped atoms. The inverse relation
between the refractive index and extinction coeflicient is
observed by Mn doping. The 2% Mn-BiFe,O; has good

dielectric characteristics as compared to others. The
antioxidant activity results obtained using A. indica showed
that Mn-doped BiFeMnO; nanomaterials were highly eflicient.
Especially, among all samples, 2 wt % Mn-doped BiFeMnO;
demonstrated excellent antioxidant activity and can be used for
biomedical applications.
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