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Abstract

This study explores the impact of nickel (Ni) doping bismuth ferrite (BiFeO3)

thin film synthesis by spray pyrolysis method. The structural and morphologi-

cal study shows that the thin films are slightly amorphous with granular mor-

phology. Investigated the supercapacitive behavior of synthesized material by

using cyclic voltammetry, galvanostatic charge-discharge, and electrochemical

impedance spectroscopy. The thin films synthesized are capable of storing a

253.31 F/g capacitance at a 10 mV/s scan rate and by introducing nickel into

the synthesis process, we obtained 312.12 F/g capacitance at a 10 mV/s scan

rate. The material shows good cyclic stability after 91000 cycles. It is also

observed that no structural and morphological changes were made by doping

Ni into BiFeO3 thin films. The significant improvement in capacitance was dis-

played by Ni doping into BiFeO3 obtained via spray pyrolysis methods indicat-

ing its potential for use in supercapacitor applications.
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1 | INTRODUCTION

The increasing worldwide need for energy has directed
research efforts toward the development of improved
energy storage systems capable of achieving rising power
demands while also addressing environmental issues.1,2

In comparison to conventional energy storage options,
supercapacitors have emerged as promising devices with
high-power density, quick charge-discharge cycles, and
long-term operating lifetimes.3,4 Their ability to bridge
the gap between short-term high-power demands and
long-term energy storage has led to increased research
and development in electrochemical energy storage.

Among the several materials under consideration for
supercapacitor applications, BiFeO3 has received signifi-
cant attention because of its multifunctional features,
which include strong ferroelectricity, multiferroicity, and
great chemical stability.5,6 These properties make BiFeO3

a fascinating option for energy storage applications,

notably supercapacitors, where high energy densities and
outstanding charge storage capacities are essential.

Synthesizing thin films of BiFeO3 gives a possible
path for improving its efficacy in supercapacitor technol-
ogy.7,8 The spray pyrolysis process is one significant tech-
nology gaining interest in the synthesis of BiFeO3 thin
films.9,10 This technology is known for its simplicity of
use, scalability, low cost, and ability to synthesize thin
films with controlled thickness and composition. Unlike
other processes, spray pyrolysis allows for straightforward
doping, making it possible to use dopants such as Ni to
modify the electrical properties of BiFeO3 thin films for
improved supercapacitor performance.11,12

Theoretical specific capacitance values for bismuth
ferrites vary between approximately 925 and 1233 F g�1,
which correspond to either three or four electron transfer
reactions.13 However, despite these encouraging num-
bers, spinel ferrites demonstrate not enough electrical
conductivity and slow ion diffusion.14 In order to
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overcome this limitation, our study aims to fill a substan-
tial gap in the current knowledge. Our research focuses
on studying the synthesis, characterization, and electro-
chemical behavior of spray synthesized thin films doped
with Ni in BiFeO3. Our research focuses on improving
the performance of supercapacitors by conducting a
detailed analysis of the impact of Ni doping using the
spray pyrolysis technique. Through our work, we aim to
push forward the progress of energy storage systems that
are both efficient and sustainable.

1.1 | Experimental details

Nickel-doped bismuth ferrite thin film (BiFeO3) was syn-
thesized by spray pyrolysis technique. The bismuth
nitrate, iron nitrate, and nickel nitrate with stoichiomet-
ric proportion, were dissolved in double distilled water at
room temperature using a magnetic stirrer, in a 1:1 ratio.
The solution was sprayed onto FTO (FTO with approx.
2 Ω /cm2 sheet resistance) heated substrate, which was
maintained at a temperature of 310�C. The spraying noz-
zle was positioned 10 cm away from the top of the sub-
strate, and the solution was sprayed in a cone-shaped
pattern. The films were deposited using a solution flow
rate of 1 mL/min and a carrier gas pressure of 2 kg/cm2.
Subsequently, these films were subjected to post-
annealing at 310�C for 1 h.

The synthesized films are characterized by X-ray dif-
fraction (XRD) using an advanced Bruker D8 diffractom-
eter with CuKα radiation. The crystalline size of the BFO
films has been calculated by using the Debey Scherrer
Formula:

D¼ Kλ
β cos θ

, ð1Þ

where D is the crystalline size, K is the constant (0.9), λ is
the x-ray wavelength, β is the fill length half maximum
intensity, and θ is the Bragg angle. The morphological
analysis was carried out on a JEOL (JSM-IT200) micro-
scope with EDAX. An Autolab electrochemical worksta-
tion equipped with a three-electrode setup was used to
perform electrochemical properties. A synthesized thin
film was used as the working electrode in this arrange-
ment, while an Ag/AgCl electrode was used as the refer-
ence electrode and a platinum wire as the counter
electrode.

2 | RESULT AND DISCUSSION

Through the XRD analyses performed on the Ni-doped
BiFeO3 nanocomposite, as shown in Figure 1, valuable
information regarding its structural properties, crystallin-
ity, and purity was obtained. The XRD patterns showed

FIGURE 1 XRD pattern of (A) pure BiFeO3 and (B) Ni doped BiFeO3 thin films powder obtained from film. XRD, X-ray diffraction
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clear peaks at different 2θ values, including 22.31�,
31.28�, 31.78�, 38.15�, 38.94�, 45.88�, 51.61�, and 57.68�,
which corresponded to specific Miller planes such as
(101), (012), (110), (003), (021), (202), (113), and (122).
These peaks confirm the presence of the rhombohedral
perovskite phase (R3c) characteristic of BiFeO3, in accor-
dance with the JCPDS no. 14-0181.15,16 It is intriguing
how the addition of Nickel (Ni) ions into the BiFeO3 lat-
tice caused slight changes in its crystal structure.17-19 This
phenomenon is likely due to the partial transformation of
the Bi-O bond into the Ni-O bond, which is made possi-
ble by the partial substitution of Bi3+ ions with Ni2+

ions.20 As a result, the crystal lattice experienced a
decrease in the number of oxygen vacancies, resulting in
an improvement in the material's electrical conductivity.
In addition, the XRD analysis showed a slight change in
diffraction angle towards higher values (�32�) after the
introduction of Ni2+ ions, suggesting a possible modifica-
tion in the crystal phase structure.21 This observation
emphasizes the complex relationship between dopant
ions and the host lattice, showcasing the ability to cus-
tomize the structural and electrical properties of BiFeO3-
based materials through precise doping techniques.
Insights obtained from XRD analyses play a crucial role
in enhancing our comprehension of the fundamental
processes that dictate the structural changes and func-
tional characteristics of intricate oxide nanocomposites.

The microphotograph of Ni-doped BiFeO3 thin film is
displayed in Figure 2A-D. The scanning electron micros-
copy (SEM) examination showed that the aggregated
nanoparticles varied in size from 50 to 70 nm, which
closely matched with results obtained from the XRD
results. In addition, by utilizing the SEM-
energy-dispersive X-ray spectroscopy technique, the
Bi/Fe ratio was determined. The obtained graph shown
in Figure 3 values were found to be within an acceptable
range considering the precision of the technique and
were consistent with previous studies. This suggests
potential advantages for improved performance in energy
storage devices such as supercapacitors.22 Even with the
addition of different amounts of Ni as a dopant,
the BiFeO3 thin layers maintained their original struc-
ture, highlighting the preservation of beneficial voids.
The remarkable morphology and enhanced conductivity
achieved through Ni doping highlight the promising
potential of Ni-doped BiFeO3 for advanced energy storage
applications.

Using transmission electron microscopy (TEM), valu-
able information was obtained about the microstructure
of nickel-doped bismuth ferrite (BiFeO3), revealing intri-
cate details about its crystallographic features. TEM anal-
ysis, shown in Figure 2E-H, unveiled the spacing of
neighboring lattice fringes in the original nickel-doped

BiFeO3, measuring about 0.284 nm, which aligns with
the (101) and (012) planes of pure BiFeO3.

23 This observa-
tion emphasizes the strong structural integrity of the
doped material, indicating that the crystalline lattice
remains largely undisturbed with the addition of nickel.
Examining the crystal structure, Figure 2E-H presents
high-resolution TEM images captured along the (101)
zone axis. These images offer additional confirmation of
the crystal structure and reveal subtle changes caused by
nickel doping.24 Through careful examination of the
images, subtle changes in the atomic arrangement were
observed, confirming the existence of nickel ions within
the BiFeO3 lattice and their influence on the crystallo-
graphic configuration.25 Understanding the atomic-scale
modifications highlights how TEM analysis can detect
even the most subtle structural changes caused by incor-
porating dopants. The presence of rhombohedral phases
in the nickel-ion-doped BiFeO3 samples was revealed
through Fourier transform (FT) analysis, as shown in
Figure 6. This discovery aligns with the expected results
from XRD analysis, confirming the high quality of the
BiFeO3 phase produced using the spray pyrolysis tech-
nique. The correlation between TEM and XRD findings
highlights the trustworthiness of TEM in determining the
crystalline phases and purity of the synthesized material.
Through TEM analysis, a thorough examination of the
microstructural properties of nickel-doped BiFeO3 was
conducted, revealing important details about its crystal-
lography and phase composition. These findings improve
our understanding of the structural properties of doped
BiFeO3 and highlight the effectiveness of TEM as a pow-
erful tool for nanoscale characterization in materials sci-
ence research.

Through the use of X-ray photoelectron spectroscopy
(XPS) analysis, as shown in Figure 4, the complex compo-
sition and structural features of nickel-doped bismuth
ferrite (BiFeO3) thin films were revealed. These films
were synthesized with the aim of exploring their poten-
tial applications in electrochemical energy storage.
Through careful curve fitting of the XPS spectra, the
valence states of metal ions and oxygen vacancies within
the material were determined. The peaks of Bi 4f, Fe 2p,
Ni 2p, and O 1s were analyzed in detail. There were sub-
components observed in the Bi 4f peaks at binding ener-
gies of 161.66 and 167.27 eV, which corresponded to Bi 4f
5/2 and Bi 4f 7/2, respectively.26 This suggests the pres-
ence of Bi3+ ions. We observed that the Fe 2p peaks
showed characteristics associated with Fe2+ and Fe3+

species. These were further supported by the presence of
satellite peaks at different binding energies. Confirming
successful nickel incorporation into the BiFeO3 lattice,
the Ni 2p peaks were assigned to Ni3+ ions at a binding
energy of 854.77 and 872.59 eV are Ni 2p 3/2 and Ni 2p

RANMALE ET AL. 3 of 12

 25784862, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.637 by K

yung H
ee U

niversity L
ibrary, W

iley O
nline L

ibrary on [20/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1/2, respectively. Upon analyzing the O 1 s spectra, it was
observed that there were peaks indicating the presence of
lattice oxygen (O L), oxygen vacancies (O V), and surface
oxygen (OH). The surface oxygen was attributed to
hydroxide groups resulting from Lewis acidity at oxygen
vacancy sites.27 Interestingly, the Ni-doped BiFeO3 sam-
ples showed higher levels of lattice oxygen, suggesting
improved crystallinity, as supported by XRD findings.

The compact atomic structure and increased oxygen con-
tent play a crucial role in enhancing the electrical con-
ductivity and rate capability of metal oxide electrodes
used in electrochemical energy storage applications. With
careful XPS analysis, the composition and structural
details of the synthesized thin films were clearly deter-
mined, enhancing their potential use in advanced super-
capacitor technologies. These findings confirm the

FIGURE 2 (A-D) SEM images and

(E-H) TEM images of as synthesized

thin film of BiFeO3 with different

magnifications. SEM, scanning electron

microscopy; TEM, transmission electron

microscopy
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successful integration of nickel into the BiFeO3 lattice
and offer valuable insights into the charge compensation
mechanism and oxygen vacancy dynamics within the

material. Thorough characterization is crucial in custom-
izing the properties of electrode materials to meet the rig-
orous demands of high-performance energy storage
devices. XPS analysis is a valuable tool for understanding
the basic physicochemical properties of complex oxide
materials and guiding their design to improve electro-
chemical performance and functionality in different
energy storage applications.

Using atomic force microscopy (AFM), we were able
to gain a thorough understanding of the surface topogra-
phy and morphology of the Ni-doped BiFeO3 films that
were deposited. This information is shown in Figure 5.
Through the utilization of SEM and AFM imaging, the
observed nanostructures were further confirmed via topo-
graphical view. It is interesting to observe the uniform

FIGURE 3 EDX spectra obtained during SEM scan. EDS, energy-

dispersive X-ray spectroscopy; SEM, scanning electron microscopy

FIGURE 4 XPS spectra for the (A) Bi 4f, (B) Fe 2p, (C) Ni 2p, and (D) O 1s of the Ni doped BiFeO3 thin film. XPS, X-ray photoelectron

spectroscopy
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structure of bismuth ferrite films, with an average height
(Rz) ranging from 390.93 nm. In addition, the films' sur-
face roughness was assessed using different parameters,
including the root mean square value of roughness (Rq,
48.69 nm), root mean square of peak-valley depth (Rpv,
399.90 nm), and root mean square value of surface height
deviation (Ra, 39.42 nm). This can be attributed to the
enhanced surface diffusion of the grains. In addition, the
Kurtosis value (Rku, 3.031) indicated a uniform forma-
tion of the structure, which aligns with previous findings
from SEM imaging. This topographical information pro-
vides additional evidence that the annealing temperature
used during film deposition was sufficient to induce the
films to transition into a crystalline phase.28 Additionally,
the crystallization is highlighted, offering valuable
insights for improving the fabrication process of Ni-doped
BiFeO3 films. These findings have important implications
for a range of applications, such as electrochemical
supercapacitors.

Through the analysis of the fingerprint region using
Fourier-transform infrared spectroscopy (FTIR), signifi-
cant information about the functional groups in nickel-
doped bismuth ferrite (BiFeO3) films was obtained, as
shown in Figure 6. There were some significant transmit-
tance peaks observed in the spectrum, particularly at
556 cm�1. These peaks are believed to be caused by the
bending and stretching vibrations of certain chemical
bonds, specifically the O-Fe-O and Fe-O bonds.29 These
vibrations suggest the presence of the FeO6 octahedral
structure. This observation highlights the existence of
metal-oxygen bonds, which confirms the formation of the
perovskite structure that is typical of BiFeO3.

30 Further-
more, the peak observed at 674 cm�1 indicates the

vibration of oxygen atoms in a direction perpendicular to
the (111) plane of the rhombohedral structure of BFO,
providing additional evidence of the material's crystalline
structure.31 In addition, there are peaks observed at
866 cm�1 which indicate the bending vibrations of Bi2O3.
This suggests that bismuth oxide has been incorporated
into the octahedral structure of the material. These find-
ings support the structural integrity of the synthesized
films and emphasize the substitution of Ni2+ ions for
Bi3+ ions, as indicated by the observed peaks that are
characteristic of BFO with Ni doping.32 In addition, the
presence of a peak at 1135 cm�1 further confirms

FIGURE 5 (A) 2D and (B) 3D AFM images of Ni doped BiFeO3 thin films prepared by spray pyrolysis method. AFM, atomic force

microscopy

FIGURE 6 FTIR spectra of Ni-doped BiFeO3 thin film in the

wavenumber range of 500 to 4000 cm�1 at RT. FTIR, Fourier-

transform infrared spectroscopy; RT, room temperature
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the crystalline nature of the films. This peak indicates the
presence of well-organized atomic structures in the mate-
rial, suggesting its crystalline nature. In analyzing the fin-
gerprint region using FTIR, we gain valuable insights
into the structure and composition of nickel-doped
BiFeO3 films. This information is crucial for understand-
ing the properties and potential applications of these
films in fields like electronics, catalysis, and energy
storage.

2.1 | Cyclic voltammetry analysis

The electrochemical behavior of the BiFeO3 electrode
was examined using cyclic voltammetry (CV), the obser-
vation of its characteristics at various scan rates. The CV
curve pure BiFeO3 displayed in Figure 7A and Ni-doped
BiFeO3 in Figure 7B demonstrated remarkable capacitive
behavior, characterized by rapid and reversible faradaic
reactions. The observed redox peaks at specific potentials
indicate the presence of effective surface charge storage
mechanisms and pseudocapacitive characteristics.33,34

The analysis of CV performed on pristine BiFeO3

using a three-electrode system at a potential window of
0 to 0.7 V revealed an intriguing trend in which the
capacitance gradually increased as the synthesis concen-
trations increased. This rise started at 191.59 F/g and
peaked at 0.03 M concentration. It continued to
253.31 F/g before declining further. This behavior indi-
cates an ideal concentration (0.03 M) that promotes the
highest charge storage capacity. Jadhav et al reported that
the mixed phase BFO nanoflake for supercapacitor appli-
cation with 72.2 F/g at current density of 1 A/g.35 Some
other comparative BFOs as supercapacitor applications
are mentioned in Table 1.

In addition, the 0.03 M BiFeO3 sample was doped
with different percentages of Ni, resulting in a noticeable
trend where capacitance increased in direct proportion to
the doping percentage. It rises up to 312.12 F/g and after

it decreases. The observed increase in capacitance upon
Ni doping indicates an increase in conductivity, which in
turn affects the material's charge storage capacity.39,40

Afterward, an analysis using Electrochemical impedance
spectroscopy (EIS) was performed to gain a deeper under-
standing of this phenomenon. The findings of the EIS
study confirmed a clear link between higher doping
levels of Ni and improved conductivity in the BiFeO3

samples. The increase in conductivity was credited to the
impact of Ni doping, which affected the transfer of
charges and the movement of ions in the material, result-
ing in an improvement in its capacitance.41,42 The rela-
tionship between the percentage of Ni doping, the
improvement in conductivity, and the resulting effect on
capacitance highlights the potential of Ni-doped BiFeO3

as a promising option for high-performance energy stor-
age applications.

Understanding the impact of scan rate on electro-
chemical supercapacitors is crucial as it influences vari-
ous aspects of their performance, including ion diffusion,
charge storage mechanisms, and electrode kinetics. With
higher scan rates, the current densities tend to increase
while the charge storage capacity decreases. This is
because the ion diffusion becomes limited. In addition,
higher scan rates can lead to increased charge transfer
resistance and reduced capacitance retention over long
cycles. Having a deep understanding of the scan rate is
essential for improving the performance and lifespan of
supercapacitors in a wide range of applications.

2.2 | Galvanostatic charge-discharge
analysis

The galvanostatic charge-discharge (GCD) measurements
for pure BFO, as shown in Figure 8A and Ni-doped BFO
as shown in Figure 8B offer valuable insights into the
charge storage capabilities of the BiFeO3 electrode.
The charge-discharge curves exhibited symmetrical and

FIGURE 7 Cyclic voltammetry of (A) pure BiFeO3, (B) Ni doped BiFeO3, and (C) effect of scan rate on thin films deposited on FTO

with variation of concentration
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linear behavior, indicating a high specific capacitance
and exceptional cycling stability. The specific capacitance
values calculated at different current densities demon-
strate the material's ability to maintain charge storage
capacity under various operating conditions, highlighting
its suitability for supercapacitor applications.

In the potential range of 0 to 0.7 V at 3 mA/cm2 cur-
rent density, the GCD test was conducted on pristine
BiFeO3. The charging time showed an upward trend with
increasing concentrations from 49.8 to 329.27 s, peaking
at 0.03 M concentration, and then declining up to 62.53 s.
This trend is similar to the findings in CV studies. An
increase in doping percentage was closely connected with
a decrease in the abrupt potential drop after doping the
0.03 M BiFeO3 sample with different percentages of
Ni. This decrease in potential drop demonstrates
enhanced charge-discharge properties due to improved
conductivity resulting from the introduction of Ni.43 The
EIS analysis revealed valuable insights into the correla-
tion between the levels of Ni doping and the conductivity
of the material.44 Through experimentation, it was dis-
covered that increasing the Ni doping percentage has a
positive effect on the conductivity of BiFeO3. This, in

turn, has an impact on the rate at which charge transfer
occurs and the diffusion of ions within the material. The
observed correlation between Ni doping levels, conduc-
tivity enhancement, and the resulting impact on the
charge-discharge behavior demonstrates the potential of
Ni-doped BiFeO3 for optimized energy storage applica-
tions. This highlights the significance of fine-tuning the
material's electrochemical properties to enhance its func-
tionality in practical implementations. Also, cycle stabil-
ity is an important feature of supercapacitors that can be
used in real life,45 so the cycling performance of the syn-
thetic BiFeO3 electrode was studied at a current density
of 5 mA/cm2. Based on 9000 cycles, the electrode exhibits
78% capacitance, indicating good capacitance retention,
as shown in Figure 9B. This could also be credited to the
exceptional structural and morphological design of the
electrode material.

2.3 | EIS analysis

The analysis of the electrode's electrochemical behavior
in the frequency domain is revealed through the EIS, as

TABLE 1 A comparison of various

BFO materials for supercapacitor

application

Material Capacitance Capacitance retention Ref.

BFO nanoflake 72.2 F/g @ 1 A/g 82% after 1500 GCD cycles 35

GCE/BiFeO3 105 F/g @ 0.25 A/g – 36

Bi25FeO40 351 F/g @ 4 A/g – 37

BFO/graphene 9 mF/cm2 @ 10 mV/s 95% after 5000 CV cycles 38

BFO (BiFeO3) 312.12 F/g @ 10 mV/s 78% after 9000 GCD cycles This work

Abbreviation: GCD, galvanostatic charge-discharge.

FIGURE 8 Galvanostatic charge-discharge of (A) pure BiFeO3 and (B) Ni doped BiFeO3 thin films deposited on FTO with variation of

concentration
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shown in Figure 9A. The Nyquist plots with small semi-
circles appearing at high frequencies and an inclined line
at low frequencies. These patterns suggest that the charge
transfer resistance is low and the ion diffusion kinetics
within the BiFeO3 electrode are excellent.

46 The observed
impedance suggests that there are efficient ion diffusion
processes at play, which contribute to improved charge
storage performance.

The analysis performed on BiFeO3 at 0.03 M concen-
tration revealed specific conductivity characteristics.
When adding different amounts of Ni to this 0.03 M
BiFeO3, we observed that the conductivity increased as
the doping percentage increased. All the resistance,
capacitance values are listed in Table 2. The increase in
conductivity levels demonstrated the positive effect of
introducing Ni into BiFeO3, enhancing its electrical

properties.47 The increased conductivity resulting from
higher Ni doping percentages significantly contributed to
the enhancement of the material's overall performance.
The increased conductivity allowed for more effective
transfer of charges and faster diffusion of ions within the
material.48 The relationship between the rise in Ni dop-
ing percentages, the corresponding increase in conductiv-
ity, and the resulting improvement in electrochemical
performance highlights the potential of Ni-doped BiFeO3

as a highly promising material for advanced electrochem-
ical applications. This realization emphasizes the signifi-
cance of adjusting doping levels to enhance the electrical
properties of BiFeO3 for better performance in real-world
electrochemical systems.

The improvement in overall performance seen with a
3% doping in the material can be credited to its capacity

FIGURE 9 (A) Electrochemical impedance spectroscopy of pure and Ni doped BiFeO3. (B) Capacitance retention studied by the GCD

9000 cycles. GCD, galvanostatic charge-discharge

TABLE 2 All synthesized samples are compared with mass loading, the resistance obtained from EIS analysis, and capacitance values

Sample code Mass lading (mg) RCT (Ω) RB (Ω) RTotal (Ω) Capacitance (F/g)

S1 0.2 54.36 102.39 156.75 191.5989421

S2 0.3 48.20 98.11 146.31 242.4666088

S3 0.35 36.55 101.34 137.89 253.3189543

S4 0.4 47.12 96.20 143.32 214.5314225

S5 0.45 81.09 99.39 180.48 76.65267304

D1S3 0.30 42.8 91.79 134.59 221.6517216

D2S3 0.32 34.63 87.01 121.64 252.3267367

D3S3 0.35 31.10 71.7 102.8 312.1218121

D4S3 0.35 38.12 89.33 127.45 271.4102714

Note: The bold values represent the highest recorded capacitance values among the data presented.
Abbreviation: EIS, electrochemical impedance spectroscopy.

RANMALE ET AL. 9 of 12
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to reduce charge transfer resistance in comparison to
other doping percentages. With a deep understanding of
materials, one can enhance electron transfer at the
electrode-electrolyte interface, resulting in improved elec-
trochemical performance. This includes higher specific
capacitance and better rate capability. In addition, poten-
tial areas for future research could include analyzing the
stability of materials over time and assessing their long-
term performance and durability in different cyclic condi-
tions. To enhance the electrochemical properties of the
material, one could consider optimizing doping concen-
trations, exploring new electrode materials, and investi-
gating advanced synthesis techniques. Furthermore,
analyzing the stability of the material under various envi-
ronmental conditions and cycling regimes can offer valu-
able insights into its durability and suitability for use in
energy storage devices.

3 | CONCLUSION

The combined analysis integrating XRD, TEM, SEM,
XPS, AFM, FTIR, and electrochemical studies provided
comprehensive insights into BiFeO3. XRD revealed a dis-
torted rhombohedral structure conforming to the R3m
(166) space group, complemented by TEM and SEM
observations indicating a uniform thin-layer with addi-
tional confirmation by AFM topological analysis of mor-
phology with beneficial void spaces, enhancing potential
performance in energy storage. TEM and SEM further
detailed BiFeO3 NPs clustered within 50 to 70 nm, consis-
tent with XRD data, while XPS confirmed acceptable
Bi/Fe ratios comparable to prior studies. Electrochemical
analyses unveiled intriguing concentration-dependent
trends in capacitance and charging time, showing opti-
mal behavior at 0.03 M concentration and suggesting Ni
doping's impact on improving conductivity and charge-
discharge characteristics. EIS elucidated the direct link
between Ni doping levels and enhanced conductivity,
emphasizing its role in facilitating improved charge
transfer kinetics and ion diffusion. Together, these find-
ings underline BiFeO3's promise for high-performance
energy storage devices, emphasizing the need for con-
trolled synthesis and doping strategies to maximize its
electrochemical potential in practical applications.
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