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This study investigates the characteristics of the Bag 67Nip 33Mn;_«Fe, Oz perovskite compound, focusing on
its structural and electrical aspects under varying Fe doping levels at the Mn-site (x = 0, 0.2). X-ray
diffraction patterns confirm the material's consistent structure, with Fe** ions substituting Mn** ions
while maintaining their identical ionic radius. Nano-crystallinity studies reveal single-phase crystallization
in the orthorhombic structure with space group Imma. Samples are prepared through conventional
solid-state sintering. The Williamson—Hall method calculates crystallite sizes, averaging 37 nm for x =
0 and 33 nm for x = 0.2. Electrical properties are examined using complex impedance spectroscopy at
different temperatures and frequencies. Techniques such as energy dispersive X-ray spectroscopy (EDX)
and scanning electron microscopy (SEM) assess chemical composition. Activation energy values increase
from 0.138 eV for x = 0 to 0.171 eV for x = 0.2, leading to reduced dc conductivity across the
investigated temperature range. Dielectric permittivity enhances proportionally with increasing Fe
doping. Variations in impedance profiles reveal a relaxation phenomenon. A circuit model, Rq + (Rgo//
CPEgp), elucidates impedance data. This study illuminates the interplay between Fe doping, activation
energy, and electrical conductivity in Bag g7Nig 33Mn;_,Fe,Oz perovskite, offering insights applicable to
electronic and energy-related devices. Perovskite-based nanomaterials have diverse environmental
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1. Introduction

Utilizing energy storage to catalyze photo-driven processes in
response to the energy crisis and environmental challenges is
crucial for achieving a sustainable society. Perovskite oxides,
among oxide-based materials, emerge as promising catalysts for
photocatalysis in energy and environmental applications due to
their cost effectiveness, abundance in nature, and superior
performance. There is a pressing need to comprehensively
evaluate the progress achieved in these technologies, identify
sustainable options, and recognize existing constraints and
opportunities for commercialization. Perovskite-type manga-
nites, among perovskite-based materials, have garnered
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applications, including solar cells, light-emitting devices, transistors, sensors, and energy storage.

significant attention due to their remarkable chemical and
physical attributes," which include stability across varying
temperatures, heightened capacitance in capacitors, and
various phenomena such as magneto-caloric effects and tran-
sitions from ferromagnetic to paramagnetic states.

These materials follow a general formula ABO;, where A-site
constituents include elements such as La, Sr, Ba, K, Ca, and Na,
while B-cations comprise Ti, Mn, Co, Cr, Fe, and Ni.> Perovskite
systems defined by the general formula Ln, ,A,MnO; have
gained prominence for their versatile applications, notably in
solid oxide fuel cells.® Additionally, perovskite compounds have
been extensively explored for their applicability in various
electrical devices, including sensors sensitive to magnetic
fields, reading heads for hard disks, and components designed
for microwave applications.*”

To fulfill the diverse demands of these applications, mate-
rials with robust thermal stability and exceptional electrical
conductivity are required. Researchers are actively investigating
novel perovskite materials possessing exceptional electrical
properties by adjusting preparation methods, doping agents,
and doping levels.*

Perovskite oxides exhibit diverse crystal structures, including
cubic configurations (e.g., LaBag 5AgosFeMnOg ') and rhom-
bohedral arrangements (e.g., LaPbFeTiOg **> and BiBaFeZnOg %).
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Complex impedance spectroscopy (IS) technique is an essential
tool to explore the electrical characteristics of perovskite
materials, offering advantages such as identifying relaxation
frequencies and differentiating between effects arising from
grains, grain boundaries, and grain-electrode interactions.

A thorough literature review highlights substantial interest
in utilizing the IS method to explore the electrical and dielectric
properties of Ln; ,A,MnO; materials. However, this study
focuses on analyzing the electrical properties of Fe-substituted
Bay ¢7Nip 33MnO; perovskite using the IS approach.**'® The
research investigates the complex impedance formulation and
relaxation behavior of the perovskite samples Bagg;Nig33-
Mn, ,Fe,O; (with x values of 0 and 0.2) within a specific
temperature and frequency range.

The synthesized samples incorporate tetravalent (Mn) and
divalent (Ni) ions, with Fe doping inducing a partial conversion
from (Mn™) to (Mn™) and from (Ni*®) to (Ni*®) within the
compound. This class of material exhibits dielectric and elec-
trical properties at room temperature, showing semiconductor
characteristics and dielectric relaxation and conduction
phenomena. A comprehensive analysis has been conducted to
elucidate its structural, morphological, dielectric, and electrical
characteristics for applications in energy storage and electronic
devices. Consequently, these compounds hold significance for
prospective technological applications in the future.

2. Materials and methods

2.1. Synthesis of nanoparticles

The central aim of this investigation was to delve into the
electrical traits of Bag¢,Nig33Mn;_,Fe,O; perovskite samples,
with variations in x values of 0 and 0.2. The synthesis of these
materials involved the application of the solid-state reaction
technique, a widely recognized method for perovskite synthesis.
The process commenced with precise measurements of BaCO;
(barium carbonate, 99%), NiO (nickel oxide, 99%), MnO,
(manganese dioxide, 99%), and Fe,O; (ferric oxide, 99%) in
stoichiometric proportions, serving as precursor compounds.
To ensure the purity and to eradicate any moisture content, the
precursors underwent an initial preheating phase at 600 °C for
a duration of 12 h. Subsequent to this step, the preheated
mixture underwent decarbonation through heating in an air
environment at 800 °C for 24 h (Fig. 1). This critical phase was
instrumental in removing carbonates and stabilizing the
chemical composition. Achieving a uniform blend necessitated
meticulous grinding of the decarbonated precursors. The
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resultant powdered material underwent further heating at
1000 °C for 24 h, followed by an additional grinding to enhance
uniformity. For subsequent electrical characterizations, the
powdered materials were compacted into pellets measuring
12 mm in diameter and 1.5 mm in thickness. These pellets then
underwent sintering at 1200 °C for 24 h to facilitate grain
growth and densification.

2.2. Measurement systems

The X-ray powder diffraction (XRD) analysis was executed using
a Huber G670 Guinier diffractometer (Aveiro, PT, Portugal)
equipped with an image plate detector, operating in trans-
mission mode. CuK1 radiation with a curved Ge (111) mono-
chromator (A = 1.5406 A) (Aveiro, PT, Portugal) was employed
for the analysis, encompassing a broad range of Bragg's angles
(20° = 26 = 80°). To authenticate the chemical composition of
the synthesized materials, energy dispersive (EDX) analysis was
carried out utilizing a JEOL 5510 scanning electron microscope
(SEM) paired with an INCAx-sight 6587 system from Oxford
Instruments.

For electrical and dielectric assessments, an Agilent 4294A
precision impedance analyzer (Aveiro, PT, Portugal) was
employed, functioning within temperature ranges spanning
200-340 K and frequency ranges from 1 kHz to 10 MHz,
respectively. To ensure optimal heat transfer and to prevent
moisture influence, the samples were placed within a helium
environment during the measurement process. Furthermore,
for the application of electrodes, the compounds were shaped
into disk-like forms, with conductive silver paste applied to the
opposing surfaces to enhance electrical contact.

3. Results and discussions

3.1. Analysis of structure and morphology

3.1.1. X-ray diffraction and structural analysis. Fig. 2a and
b displays the X-ray diffraction patterns of the Bage;Nig.33-
Mn,_,Fe,O; compounds at room temperature, with x values of
0 and 0.2, respectively. The distinct and robust lines evident in
all samples signify the successful crystallization of the mate-
rials. The XRD investigation reveals that all specimens have
adopted an orthorhombic structure with the Imma space group.
An intriguing observation emerges as the introduction of iron
doping leads to a single-phase composition, devoid of any
indications of secondary phases according to conventional
interpretations of the XRD spectra. For an in-depth exploration
of the structural attributes, the researchers harnessed the
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FULLPROF software™ in conjunction with the Rietveld
method®*** for structure optimization. Comprehensive
outcomes of the Rietveld refinement are documented in Table
1. This refinement effort examined the influence of increasing
Fe concentration on structural parameters encompassing cell
dimensions, volume, average bond length, and average bond
angle. Employing the Scherrer formula, as presented in,** the
average crystallite sizes for our samples were calculated from
the XRD peaks using the formula:

~09x14
" Bxcosb

1)

Here, A denotes the X-ray wavelength, ¢ represents the most
intense peak diffraction angle, and ( is the full width at half-
maximum (FWHM). Because the XRD refinement values are
expected to fall between 37 and 33 nm, the introduction of Fe
doping does not introduce any discernible size effect. Previous
research had indicated that Fe** ions predominantly replace
Mn®" ions in the orthorhombic structure.?® The orthorhombic
nature of the structure can also be theoretically confirmed
through the calculation of the tolerance factor, as introduced by
Goldschmidt:**>*
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In this expression, r, represents the radius of Ba (r (Ba)), s
denotes the radius of Ni, Mn, and Fe (r (Ni, Mn, Fe)), and rO
signifies the ionic radii associated with cations at sites A, B, and
oxygen, respectively. The progression of crystal structures based
on the tolerance factor value is elucidated as follows: 0.75 < ¢ <
0.96 leads to orthorhombic distortion, 0.96 < ¢ < 0.99 results in
rhombohedral distortion, and 0.99 < ¢t < 1.06 leads to a cubic
structure. As per Shannon's data, the ionic radii are defined as
follows: r (Ba®") = 1.38 A, r (Ni*") = 0.49 A, r (Fe*") = 0.49 A, r
(Fe*") =0.585 A, r (Mn*") = 0.53 A, 7 (Mn*") = 0.58 A, and r (0*")
= 1.4 A% For this particular material, the tolerance factor (£) is
below 1, specifically ¢ = 0.953, confirming the orthorhombic
structure of the sample.

3.1.2. Crystallite size determination using Williamson-
Hall method. Alternatively, the Williamson-Hall method was
employed to calculate the crystallite size. This technique's
strength lies in its capacity to isolate size and distortion
effects.”® Only significant peaks from the XRD pattern were
considered for this analysis. The relationship:
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Fig.2 XRD patterns of Bag ¢7Nig 33Mn;_,Fe,O3z obtained through Rietveld refinement for (a) x = 0.0 and (b) x = 0.2. Evolution of § cos  vs. 4 sin §

for Bag.g7Nip.33Mn;_Fe,O3 compound with (c) x = 0.0 and (d) x = 0.2.
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Table1 Structural parameters obtained from XRD Rietveld refinement
for Bao_G7Ni0_33Mn1,XFeX03

Sample X=0.0 X=0.2

Crystal phase Imma Imma

Crystallographic system Orthorhombic Orthorhombic

a(A) 5.4914 5.4921

b (A) 7.7591 7.7609

c(A) 5.5195 5.5203

v (A% 236.17 236.29

x* 1.17 1.69

Ry 1.46 1.32

Ry 1.27 1.49

d [Fe-04] (A) — 1.927

d [Mn-04] (A) 1.935 1.941

d [Fe-0,] (A) — 1.948

d [Mn-0,] (A) 1.931 1.929

Fe-O;-Mn (°) — 159.30

Mn-O;-Mn (°) 163.52 162.87

Fe-0,-Mn (°) — 174.97

Dygrp (nm) 37 33
Bc0300'9></\:4><esin0 (3)

WH

Was employed to determine the Dy (dislocation-induced
broadening) crystallite size and the microstructural parame-
ters. It is crucial to highlight that the relation

2 21172
6 = [ﬁmeasured - ﬂinstrumental ] (4)

Can be utilized to estimate the instrumentally corrected
broadening $ associated with each diffraction peak. The XRD
model's Bragg peaks comprise a blend of sample-dependent
and instrument-dependent effects. These contributions can be
separated using silicon as the reference material for calculating
instrumental broadening. The evolution of cos § as a function of
4 sin # can be observed in Fig. 2¢ and d for the x =0 and x = 0.2
samples, respectively. The point of intersection of the plot with
the vertical axis (at sin § = 0) aids in determining the Dy
crystallite size, while the slope of the curve helps deduce the
strain. The Williamson-Hall parameters obtained are docu-
mented in Table 1.

3.1.3. Scanning electron microscopy analysis. SEM images
in Fig. 3a and b, captured in backscattered electron (BSE) mode,
vividly portray the surface of the complex compounds corre-
sponding to x = 0, and x = 0.2, respectively. These images offer
insights into the morphology and chemical composition. The
material's grain size is evident, revealing a consistently thick
and uniform grain morphology. Noteworthy variations in grain
dispersion and noticeable porosity are observable. For the case
of x = 0, the average grain size is measured at 226 nm.
Intriguingly, the crystallite size computed through the Wil-
liamson-Hall and Scherrer methods is significantly smaller
than the grain size ascertained via SEM. This divergence can be
attributed to each SEM-detected grain comprising multiple
crystallites. It is pertinent to note that the Williamson-Hall
model estimates a larger crystallite size compared to the result
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derived from the Scherrer formula, which disregards the
broadening influence due to strain. A semi-quantitative energy
dispersive spectroscopy (EDX) analysis was performed to eval-
uate homogeneity and to confirm the elemental composition of
the examined substances (Fig. 3c). This analysis verifies the
presence of all the chemical elements utilized in sample prep-
aration (Ba, Ni, Mn, Fe, and O elements).

3.2. Study of electrical conductivity

3.2.1. Analysis of Jonscher power law. The electrical
conductivity investigation of Ba, ,Nig33Mn;_,Fe,O; samples
featuring distinct iron concentrations (x = 0 and 0.2) was
accomplished through the utilization of the equation:

Here, A symbolizes the cross-sectional area of the pellet, e
signifies the pellet thickness, and G represents its electrical
conductance. Fig. 4a and b portrays the frequency-dependent
conductivity for the Ba, ,;Nig 33Mn; ,Fe,O; with x = 0 and x
= 0.2 samples within the temperature range of 200-340 K,
respectively. The composite conductivity of the samples is
expressible as the sum of direct current conductivity (sq4.) and
alternating current conductivity (o,.), as postulated by the
Jonscher power equation:***°

0’(0)) = Odc + Oac (6)

The ac conductivity adheres to an empirical formula for
frequency dependency, known as the ac power law:

Oy = AW’ (7)

In this context, s stands for the frequency exponent, influenced
by both frequency and temperature, while A denotes a coeffi-
cient modulated by temperature.

An analysis of the Fig. 4a and b data reveals a compelling fit
to eqn (6), with a close alignment between the fit and the
experimental values. An example of a fitted curve for the sample
x = 0.2 at 300 K is presented in Fig. 4c. Table 2 outlines the
results derived from the fitting process, indicating that the
obtained s values escalate as temperature rises, congruent with
a thermally activated process. An intriguing pattern emerges
from Table 2; as the Fe content increases, the exponent s
declines. This phenomenon can be attributed to the reduction
in the Mn**/Mn*" ratio upon elevating the Fe concentration,
leading to a marked decrease in the impact of Mn**-O-Mn**
double-exchange (DE) interactions. In order to provide a deeper
understanding, the material's electronic band structure should
be taken into account, allowing for a comprehensive interpre-
tation of the sample behavior.*’?* The spectra exhibit two
distinct regions, with the second region (at higher frequencies)
revealing conductivity dispersion and a plateau at lower
frequencies, which represents the direct current contribution.

3.2.2. Analysis of DC conductivity. Fig. 5a graphically
depicts the direct current conductivity of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron micrographs of Bag ¢7Nig 33Mn;_,F,O3 for (a) x = 0.0, and (b) x = 0.2, with a scale of 2 um. (c) Energy dispersive X-ray
(EDX) analysis spectra for Bag ¢7Nig 33Mng gFeq 2Oz at room temperature.

Ba 6,Nig 33Mn; _,Fe, O3 samples (x = 0 and 0.2) across varying
temperatures. Remarkably, these conductivity curves do not
exhibit a metal-semiconductor transition at any temperature;
instead, they consistently exhibit semiconductor behavior.
Moreover, a discernible trend emerges as the (dc) conductivity
decreases with the increase in Fe content, corroborating find-
ings from related research.’**¢ The participation of the Mn band
in the electrical activity significantly influences this scenario,
where electron jumps transpire between Mn*" and Mn*",

© 2024 The Author(s). Published by the Royal Society of Chemistry

causing a diminution in direct current conductivity.”” Upon the
introduction of Fe as a substitution for Mn, the electron's
transition from Mn®* to Fe*" is obstructed. This effect can be
attributed to Fe** acting as a trapping center for electrons,
impeding the transport process. The incorporation of Fe via Mn
doping obstructs some of the customary pathways that facilitate
electron transport. Consequently, the presence of Fe** tends to
fix neighboring spins, reducing the available electrons for
jumps and the count of open jump sites.*® This elucidates the

RSC Adv, 2024, 14, 12561-12573 | 12565
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Fig. 4 Conductivity (o) variation with frequency at different temperatures for Bag ¢7Nip 33Mn;_Fe,Oz with (a) x = 0.0, and (b) x = 0.2. (c) Fitted

conductivity curve example of Bag g7Nig 33Mng gFep 203 at 300 K.

Table 2 Adjustment parameters extracted from conductivity—frequency experimental data for Bag g7Nig.33Mn;_4Fe, O3

T(K) 200 220 240 260 280 300 320 340
X=00

04(1072Q ' m ™) 1.74 2.0 2.26 2.50 2.74 2.98 3.26 3.66
A (x1077) 4.564 5.021 5.367 4.302 3.242 2.987 2.701 2.541
s 0.622 0.630 0.641 0.701 0.753 0.766 0.786 0.823
R? 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999
X=02

04(1072Q ' m™) 0.45 0.52 0.61 0.67 0.73 0.80 0.85 0.94
A (x1077) 9.221 8.564 8.159 6.995 7.439 5.411 5.396 4.724
s 0.461 0.536 0.549 0.609 0.693 0.786 0.797 0.827
R? 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

observable reduction in conductivity with an upswing in Fe
content. The behavior of conductivity conforms to the Arrhe-
nius relationship, as portrayed in eqn (8):

-E,
g4 T = exp KT

(8)

12566 | RSC Adv, 2024, 14, 12561-12573

where K stands for the Boltzmann constant, E, signifies the
activation energy, and g, represents a constant. Fig. 5b depicts
the variation of o4, T as a function of 1000/T for our samples. The
calculated activation energies (E,) for x = 0 and 0.2 amount to
0.138 and 0.171, respectively. Evidently, the activation energy
values surge with heightened Fe content, a trend congruent with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Temperature-dependent direct current (dc) conductivity for Bag ¢7Nig 33Mn;_4Fe,Oz (x = 0.0 and 0.2) perovskite samples. (b) Arrhenius

plots depicting Ln (g4c) vs. 1000/T for x = 0 and 0.2 compositions. (c) Variation of s component as a function of temperature of the x =0 and 0.2

samples.

earlier research involving the substitution of Mn with Fe.*® As Fe
concentration rises, certain Mn-O-Mn bonds undergo substitu-
tion by Mn-O-Fe bonds, thereby altering the lattice and affecting
carrier hopping. Consequently, the predominant mechanism of
carrier hopping shifts from Mn-O-Mn pathways, resulting in
a decreased number of accessible jump sites. Fig. 5c depicts the
temperature-dependent variation of the ‘s’ component for the
prepared samples. With increasing temperature, the ‘s’ compo-
nent exhibits a gradual increase, indicating the relevance of
NSPT (Non-Overlapping Small Polaron Tunneling) as a prom-
inent conduction model. This model holds particular signifi-
cance in investigating conduction phenomena within the limit of
the alternating regime. The corresponding proof for this asser-
tion lies in the observed trend in the data, where the °‘s’
component continues to rise beyond 340 K, providing empirical
evidence for the relevance of NSPT throughout the investigated
temperature range.

3.3. Dielectric properties

Fig. 6a depicts the fluctuation of the dielectric constant (¢') in
relation to frequency for the Ba ;Nip 33Mn, gFey,0; sample.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The dielectric constant, ¢/, undergoes an augmentation with the
escalation of temperature. Notably, its peak value is observed in
the low-frequency range, followed by a decline as the frequency
increases. This phenomenon is attributed to the challenge
electric dipoles face in achieving uniform alignment with the
applied electric field direction at higher frequencies. This
difficulty is ascribed to the predominant influence of electronic
polarization, which surpasses other forms of polarization
within this frequency range. For a comparative analysis between
the pure and Fe-doped samples, Fig. 6b presents the dielectric
constant (¢') as a function of frequency at 300 K. Remarkably,
any increment in the degree of Fe doping results in a propor-
tional increase in dielectric permittivity. This observation holds
significant promise as the material exhibits high permittivity,
rendering it an intriguing candidate for applications in elec-
tronics and energy storage.

The estimation of the dielectric loss factor (tan ) for our
samples was accomplished using the equation:

i

tan(6) = 8—,
¢

9)
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prepared samples at room temperature. (c) Frequency dependence of dielectric loss tan (6) at various temperatures for Bag ¢7Nig 33Mn;_4F,O (x

= 0.0 and 0.2) perovskite samples.

In this context, ¢ and ¢” represent the real and imaginary
components of the dielectric permittivity, respectively,
capturing both energy storage and loss within the material.
Fig. 6c illustrates the variation of tan(d) with frequency for
Bay ,Nig 33Mn; ,Fe, O3 samples (x = 0 and 0.2) at different
temperatures. The fluctuations in dielectric loss can be ascribed
to diverse forms of polarization, such as ionic, electronic,
dipolar, and interfacial or space charge, emerging at distinct
stages due to the changing frequency of the applied alternating
field. Each of these polarization mechanisms involves short-
range charge movement, collectively contributing to overall
polarization before influencing the material's dielectric
constant.* It is crucial to recognize that the significant dielec-
tric loss values observed in the lower frequency range are not
commonly associated with bulk effects. Instead, they can be
traced back to the accumulation of free charges at interfaces
within the sample bulk (interfacial Maxwell-Wagner polariza-
tion)** and between the sample and electrode interface (space-
charge polarization).*>

12568 | RSC Adv, 2024, 14, 12561-12573

These factors likely explain the notably high tan ¢ values
observed exclusively at very low frequencies. The evident
dielectric loss values in the system are directly linked to the
presence of grains and interfaces (grain boundaries), aligning
with the Maxwell-Wagner interfacial polarization theory.** The
material's dielectric constant increases proportionally to the
polarizability of its molecular constituents. As electronic and
atomic polarizations remain relatively stable at these frequen-
cies, the dispersion observed in the lower frequency region of
Fig. 5 is attributed to interfacial polarization. In our samples,
local electron displacement responding to the applied field
direction, resulting in polarization, is facilitated by electron
exchange between Mn** and Mn** (Mn** < = > Mn*").

3.4. Impedance spectroscopy

3.4.1. Real component of impedance. The real portion of
impedance (Z') variations for Bay ¢,Ni, 33Mn; _,Fe, O3 samples (x
= 0 and 0.2) at distinct temperatures is illustrated in Fig. 7.
Evidently, the magnitude of Z' declines as the frequency and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature increase, signaling heightened conductivity at
elevated temperatures and frequencies. At frequencies
surpassing 10" Hz and across all temperatures, Z values
converge. This convergence could be attributed to weakened
barrier properties at higher temperatures, enabling the release
of space charges. This phenomenon may enhance alternating
current conductivity at elevated temperatures and frequencies.
The observed Z' behavior in our samples, both at lower and
higher frequency ranges, closely aligns with prior observa-
tions.* Furthermore, from Fig. 7, it can be noted that Z’ values
escalate with rising Fe concentration, mirroring the interpre-
tation derived from the previous section's electrical conductivity
analysis.

3.4.2. Imaginary component of impedance. In Fig. 8, the
progression of the imaginary impedance component (Z”) with
frequency is depicted at various temperatures for samples of
Bay 7Nip 33Mn;_,Fe, 03 (x = 0 and 0.2). The curves demonstrate
the reaching of a maximum point (Zy.y), with Z” values
decreasing at elevated frequencies as the temperature rises.
This pattern indicates the presence of relaxation phenomena in
our materials.*® The relaxation process is influenced by species
at low temperatures and defects and gaps at higher
temperatures.*®

The relaxation time (r) diminishes with higher temperatures,
with its variation characterized by the equation:

T= 1/2’nfmdx (10)

The insets of Fig. 7 display the transformation of Ln (t) with
1000/T for all samples, demonstrating an Arrhenius-like
tendency for the relaxation time. The relaxation time adheres
to the equation:

(11)
Within this equation, 7, is indicative of the pre-exponential

factor, E, represents the activation energy, Ky is the Boltz-
mann constant, and 7T denotes temperature. The calculated E,

© 2024 The Author(s). Published by the Royal Society of Chemistry

values for x = 0 and 0.2 are 0.133 and 0.166 eV, respectively,
based on the peak of the linear adjustment traces. The derived
activation energy closely aligns with the analysis of continuous
conductivity. The subtle difference between activation energies
for conduction and relaxation might be attributed to the fact
that relaxation involves localized carrier movement, while the
conduction mechanism necessitates energy for carrier motion,
causing disorder and linking polarons.*” This suggests that
a consistent type of charge carrier is accountable for both the
conduction and relaxation processes.

3.4.3. Nyquist diagram. Fig. 9 portrays the variation of Z”
versus Z' (Nyquist plots) at diverse temperatures for Bagg,-
Nig.33Mn; _,Fe, 05 samples (x = 0 and 0.2). The spectra exhibit
complete circular arcs, with the maxima of these arcs dimin-
ishing as temperature increases. Furthermore, the half-circle's
diameter diminishes with the temperature, signifying a note-
worthy increase in continuous current conduction. The pres-
ence of a single demi-circle at all temperatures suggests
adherence to a solitary relaxation mechanism.*® In the litera-
ture, we find the same results for the BaMnggoFeg 0105
ceramics.* For modeling our samples, an analogous circuit
structure of the form (Ry + Rgp//CPEg,)**° is suitable, as por-
trayed in the inset of Fig. 9. Within this circuit arrangement,
CPEg;, denotes the grain-boundary capacitance, while R, and Ry,
mimic the grain and grain-boundary resistances, respectively.
The overall resistance (Ry = R, + Ryp,) dictates the right inter-
section of the semicircle at low frequencies when it intersects
the real axis. Consequently, R, can be deduced from the left
intersection of the semicircle with the real axis. Conversely, at
high frequencies, the impedance response is dominated by the
grain, where R, is significantly lower than Ry, as evidenced in
the impedance spectra presented in Fig. 9. According to the
analogous circuit, the real (Z') and imaginary (Z”) components
of impedance can be articulated as follows:*

g R
1+ 0 Cy Ry’

/

Z =R (12)
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The impedance data were meticulously fitted using Zview
software across all temperatures, revealing a strong agreement
between the fit and experimental values. Table 3 presents the
fitted parameter values, indicating a decline in Ry, values as
temperature rises, signifying a semiconductor characteristic
across all samples. This behavior has been consistently
observed in the literature for analogous materials.”* The
reduction in the grain-boundary effect at higher temperatures
potentially lowers the barrier to charge carrier movement,
facilitating increased electrical conduction. A variety of mate-
rials, encompassing perovskite, ceramic conductors, and poly-
mer composites containing ionically dispersed conductors in
ceramics, have exhibited indications of grain-boundary
conduction.®"** Furthermore, the derived R, and R, values
rise with Fe concentration, indicative of diminished conduc-
tivity upon Fe substitution. Notably, for all compounds, the
grain-boundary resistances (Ryp,) surpass the grain resistances
(Rg). This discrepancy is attributed to the disordered arrange-
ment of atoms near grain boundaries, leading to a substantial
increase in electron transport.

Table 3 Electrical characteristics of the equivalent circuit derived
from complex temperature-dependent impedance spectra

T(K) 200 220 240 260 280 300 320 340
X=0.0

Ry Q) 210 190 185 178 169 163 158 150
Rgp (Q) 8497 7242 6314 5685 5250 4790 4378 3855
CPEgp (><1078 F) 198 152 1.14 1.17 1.8 1.53 1.23 0.87
X=0.2

Ry Q) 500 488 456 432 414 398 385 371
Rgp Q) 5224 4295 3802 3170 3286 3287 2836 2379
CPEg, (><1078 F) 2.85 244 2.87 260 155 1.62 120 0.94

© 2024 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions

In conclusion, this study focused on investigating the charac-
teristics of the Bag¢,Nip33Mn;_,Fe,O; perovskite compound
with varying Fe doping levels (x = 0, 0.2) at the Mn-site. The
structural and electrical aspects of the material were compre-
hensively examined. X-ray diffraction analysis confirmed the
consistent crystal structure, maintained by the substitution of
Fe** ions for Mn®" ions due to their similar ionic radii. The
material demonstrated a monophasic orthorhombic structure
with the Imma space group, as indicated by investigations into
nano crystallinity. The synthesis was carried out through
a conventional solid-state sintering route, and the Williamson-
Hall method was applied to estimate the size of the crystallites
and peak broadening in X-ray diffraction patterns. Complex
impedance spectroscopy was employed to thoroughly analyze
the electrical properties of the samples at different tempera-
tures and frequencies. Techniques, such as energy dispersive
EDX and SEM, were used to assess the chemical composition,
revealing distinct grains and well-defined grain boundaries. The
activation energy values, extracted from the analysis, increased
from 0.138 eV for x = 0 to 0.171 eV for x = 0.2, corresponding to
the higher Fe content. This increase in activation energy resul-
ted in reduced dc conductivity across the temperature range
studied. The introduction of Fe doping demonstrated
a proportional enhancement in dielectric permittivity and was
found to influence the impedance profiles (Z’), highlighting
a relaxation phenomenon in the samples. The complex
impedance spectra exhibited semicircular arcs at various
temperatures, which were interpreted using an explanatory
circuit model (Ry + Rgp//CPEy,). This research contributes to
understanding the intricate interplay between Fe doping, acti-
vation energy, and electrical conductivity in the Bag e;Nig 33-
Mn, ,Fe,O; perovskite. These insights hold significance for
electronic and energy-related applications. The wide range of
applications for perovskite-based nanomaterials, including
solar cells, light-emitting devices, transistors, sensors, and
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energy storage, further underscores the relevance and potential
impact of this study in various environmental contexts.
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