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Abstract
This article reports the synthesis of Bi1+xFeO3 (with x = 0, 0.05, 0.10) nanoparticles and 
their characterizing results for seeking the appropriate utility in making energy storage 
devices like supercapacitors. The BFO nanoparticles were synthesized via the sol–gel route 
and characterized by different techniques. The structural analysis was carried out by XRD 
along with Rietveld refinement, which gives information about the particle size, micro-
strain and rhombohedral picture with the R3c space group. This study has confirmed that 
the BFO5 in single phase is the most optimized phase with the most stoichiometry as com-
pared to pure BFO and BFO10. For surface morphology, FESEM along with EDAX tech-
nique was used. The Raman spectrometer with a 532 nm laser was used to study the vibra-
tional modes available in the samples. To understand the super-capacitive behaviour of the 
synthesized samples, a detailed electrochemical analysis was performed with the help of 
cyclic-voltammetry. According to the recording of cyclic-voltammetry data for the samples 
BFO, BFO5, and BFO10 with the scan frequencies 10, 20, 50, and 100 mV/s, it was found 
that the BFO5 (i.e. Bi1+xFeO3 with x = 0.05) electrode has displayed the highest capaci-
tive reaction in comparison to the pure BFO and BFO10 electrodes. In addition, the BFO5 
has shown the highest specific capacitance. The impedance analysis was also performed to 
study the grain properties of the samples via Nyquist plots considering the equivalent ac 
circuit, which confirmed that the BFO5 nanoparticles display the greatest grain resistance. 
Further, the justified Nyquist plots with the fitted data have confirmed the best perfor-
mance of BFO5. According to the GCD (galvanostatic charge–discharge) study, the BFO5 
electrode has demonstrated impressive cycle stability. As evaluated at 1Ag−1, the BFO5 
electrode has demonstrated outstanding cyclic stability, with > 94% capacitance retention 
over 2000 cycles. Thus, in conclusion, all these characterization results suggest that the 
Bi1+xFeO3 with x = 0.05 is a very suitable composition for supercapacitors application.
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1  Introduction

In the last few decades, supercapacitors have become more popular due to their potential to 
one day replace batteries, which are very essential in cutting-edge technology (Vyas et al. 
2022; Sheng et al. 2021; Sharma and Kumar 2020; Mauger et al. 2019). The design and 
manufacturing of supercapacitors can only be accomplished by studying electrode materi-
als that have both a high energy density and electrochemical stability. Furthermore, these 
assets are used in a manner that benefits both the environment and the economy (Jadhav 
et al. 2016; Kumari et al. 2021a; Kumar et al. 2022). There has been a rise in awareness of 
the use of bismuth-based materials and composites for energy storage applications, includ-
ing batteries and supercapacitors, because of their favourable redox behaviour, charge 
storage capacity, environmental friendliness, and low cost. However, after extensive stud-
ies on advanced materials like BFO, it has been confirmed that BFO sustains a perovs-
kite structure and exhibits both ferroelectric and anti-ferromagnetic ordering. But, because 
of its poor insulating resistance, BFO is not often used in energy storage devices. Due to 
the material’s limited temperature stability window, the production of pure single-phase 
BFO is crucial and challenging. Non-stoichiometry-related leakage current issues have pre-
vented BiFeO3 from making a big impact in the electronic sector since its discovery in 
1960. As a result, a powder with a larger grain size is produced, and the process itself is 
not very repeatable in the case of supercapacitors (Kumar et al. 2021a). When precipitation 
and co-precipitation occur at the same time, a coarser powder is formed, which may lead to 
the production of an impurity phase or require a higher calcination temperature of 8300C. 
It is well recognized that the particle size, shape, and crystallinity of a photocatalyst have a 
significant impact on its activity (Al-Maswari et al. 2021). In recent years, many different 
techniques have been used to produce BFO particles with the desired morphologies. This 
is due to the fact that it has a period of 62 nm on its magnetic spin cycloid, which makes 
its magnetism somewhat weak at ambient temperature. So far, most research on BFOs has 
been conducted in the form of two-dimensional epitaxial thin films produced on a variety 
of substrates (Devi and Ray 2020). During this time, the crystal lattice structure, polariza-
tion, and magnetization undergo changes due to epitaxial strain. Recent research on super-
capacitors, however, has focused not just on related nanoparticles, nanomaterials, and low-
dimensional nanostructures but also on polycrystals (Moharana et  al. 2021). Traditional 
solid-state methods for the synthesis of BFO nanoparticles have shown to have low repro-
ducibility in supercapacitors, according to previous research (Bismibanu et al. 2018). As a 
byproduct of this process, coarser particles and an impurity phase of Bi2O3/Bi2Fe4O9 are 
created. Producing BFO nanoparticles has so far been accomplished by a number of chemi-
cal techniques, such as simple solution technique, hydrothermal treatment, mechano-chem-
ical synthesis, sol–gel method, and green synthesis (Wang et al. 2008, 2007, 2009, 2015; 
Biasotto et al. 2011; Wu et al. 2018; Cheema 2021; Kumar et al. 2021b; Choudhary et al. 
2020; Matinise et al. 2023; Nayak and Gopalakrishnan 2022; Khajonrit et al. 2018; Bera 
et al. 2019; Kumari et al. 2021b). However, there are certain drawbacks to these methods, 
such as the risk of end-product contamination.

BFO’s electrical and multiferroic characteristics are very susceptible to imperfections 
such interstitials, vacancies, and secondary phases (Kock et  al. 2008). The vast surface 
area of these imperfections means that even if they are small and undesirable in bulk, 
they have a considerable impact on changing the characteristics at the nanoscale. Accord-
ing to reported literature, defects such as oxygen vacancies are the primary causes of 
the abnormal electrical characteristics of oxide nanoparticles (Miriyala et  al. 2013). As 
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a multiferroic material, the single phase BFO has greater promise since magnetoelectric 
coupling happens at ambient temperature. The impurities, which are visible as secondary 
phases, extend into three distinct zones. The first is the evaporation of the bismuth ele-
ment, which is occurring with greater ease and as a result of the dissolved Bi-salt’s low-
ering temperature due to the creation of Bi2O3. Bi2Fe4O9 and Bi25FeO39 two secondary 
phases are produced simultaneously with single-phase BFO. The third is the alteration of 
Fe ion chemical valence state in an oxygen-deficient environment. The maximal leakage 
current of BFO is typically referred to as this charge defect with regard to the Fe2+  ion 
produced during the synthesis (Kumari et al. 2014; Wu et al. 2016). Due to their increased 
power density and longer cycle, the BiFeO3 based nano-structures are regarded as poten-
tially active electrode materials for electrochemical supercapacitor applications, which sug-
gest their prospective uses in an electric vehicle and portable electronics. Numerous groups 
have created nanostructures based on BiFeO3 and worked to enhance their electrochemical 
characteristics. Although BiFeO3 nanostructures and materials based on their composites 
have been employed as supercapacitor electrode materials. For thin films made of BiFeO3, 
Lokhande et al. observed that the specific capacitance was 81 F/g (Lokhande et al. 2007). 
To increase chemical stability, reduce oxygen vacancy concentration, and lower leakage 
current, rare-earth ions were substituted on the A or B site in ABO3 type BFO. To lessen 
valence variations, which lowers the leakage current, transition metals were substituted on 
the B or Fe site. Due to the volatile nature of Bi, which causes oxygen vacancies to be pro-
duced, pure bismuth ferrite has big grains that make the ions diffuse more freely. In present 
work, the main emphasis on BFO is given just to maintain the optimization, stoichiom-
etry and stability in secondary phases of BFO, as Bi by nature evaporates quickly during 
synthesis of sample. There will be the deficiency and sufficiency of bismuth in BFO and 
BFO10, respectively. Therefore, to avoid this, we took BFO5 as the standard.

The synthesis of BFO nanoparticles from a ferrioxalate precursor has been suggested 
by Ghosh et al. (Ghosh et al. 2005) as a method that involves heating a solution of certain 
salts to a temperature of 600  °C. In spite of the fact that the sintering temperature was 
raised in an effort to cut down on the number of impurities, a minute quantity of Bi2O3 
was still found to be present in the end product. The synthesis of bismuth ferrites with 
controlled morphologies was accomplished by the use of a hydrothermal method (Manzoor 
et al. 2015). Although there were no traces of pollutants in the finished goods, the BFO 
nanoparticles that were created were sometimes of substantial size (reaching up to several 
hundred nanometers) (Rajaee et al. 2018). Thus, the goal was achieved by using a similar 
method. Hence, one can synthesize Bi2Fe4O9 and Bi25FeO4 with zero impurity phases by 
making some minor adjustments to the amount of KOH that remains present. By using a 
nitrate-based variation of the Pechini technique, the researchers were able to produce BFO 
nanoparticles in the laboratory. In spite of the fact that this effort has succeeded in obtain-
ing pure phase BFO, there was still some contamination owing to the fact that the precur-
sor was broken down (Banerjee et  al. 2019). In order to accomplish this goal, a gentle 
chemical approach was adopted.

At room temperature, the crystalline shape of the bismuth ferrite-ceramic mass exhibits 
a rhombohedral structure with a = 5.63 lattice constant and an 89.45° rhombohedral angle. 
Two polycrystalline cells with Fe3+ in the centre of FeO6 octahedral and Bi3+ at the angular 
locations constitute the rhombohedral cells in this configuration. The hybridization of the 
Bi3+ lone pair and O2 causes the Bi3+to be displaced from centre locations, resulting in 
ferroelectric polarization across the (111) plane. The anti-ferromagnetic plane, which is 
perpendicular to the polarization direction, is formed by Fe3+ (Bhattacharyya et al. 2020). 
BFO is an excellent multiferroic nanomaterial with several distinctive features, including 
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large residual polarization, magnetoelectric coupling at ambient temperature, and a very 
small bandgap (Iriani and Sandi 2021; Kumari et al. 2220). As a result, it provides a diverse 
environment for experimenting with new methodologies. To increase ferroelectric property 
and magnetic efficiency, ion replacement, substrate selection, and the construction of mor-
photropic phase boundaries have all been employed (Wang et al. 2019; Zhang et al. 2018; 
Yan et al. 2010). The size effect-induced alteration of functions in BFO nanostructures is 
likewise of significant interest (Akbarzadeh et al. 2012). Efforts to improve performance 
have led to new applications in non-volatile storage, piezoelectric sensors, and photodetec-
tors (Alharbi et al. 2019). However, various obstacles must be overcome before such revo-
lutionary gadgets may be realized. First and foremost, it is critical to enhance ferroelectric 
and magnetoelectric performances. The BFO has high polarization. Second, it concerns 
the dynamical parameters. Dynamics can be stabilized, and the switching speed is met 
for devices that use ferroelectric or ferromagnetic switching. Most of the stated switching 
speeds and switching durability for universal memory are still unsatisfactory. As a result, 
using memory for BFO-based nanomaterials has been a long road (Kalikeri and Shetty 
Kodialbail 2021). Third, the physical processes of photovoltaic and photocatalytic behav-
iors in BFO nanoparticles remain a mystery. Only by elaborating on the physical mechan-
ics can the scope of BFO photocatalysts and photovoltaic devices be expanded. Addition-
ally, some other perovskite-structured nanoceramics such as Sr0·5Ba0·5Ti1-xFexO3, (La3+) 
Doped BaTiO3,  and ZnFe2O4 have also been studied with unique properties for energy 
applications (Bhoyar et al. 2020; Devmunde et al. 1644; Andhare et al. 1644). Further, Fe-
doped TiO2 nanocatalyst has been studied as promising candidate for industrial wastewater 
purification treatments (Somwanshi et al. 2021, 1644).

Various ideas have been offered; nevertheless, significant disagreements persist, and 
further research is required. More nanomaterial systems must be built in order to inves-
tigate the feasibility of developing novel devices and series of BFO. So, keeping in mind 
the above statements, in this article an effort has been made to elaborate on some of the 
properties of BFO nanoparticles that make them suitable for their utility in energy devices 
like supercapacitors.

2 � Synthesis process

The Bi1+xFeO3 (with x = 0.00, 0.05, and 0.10) with 5% and 10% Bi excess nanoparticles were 
fabricated with a simple sol–gel route. By using the sol–gel process, one can synthesize var-
ious nanostructures, and this method is especially useful for the production of metal oxide 
nanoparticles. As the name of the method suggests, Sol (a colloidal solution) is created and 
gradually evolves towards the gel-like diphasic system (liquid and solid phases). In this typical 
synthesis, a solution of 0.1 M was prepared by [Bi (NO3)3·5H2O] (AR 90.5%) and iron nitrate 
nonahydrate [Fe (NO3)3·9H2O] (AR 99.5%) of Sigma Aldrich, respectively. The chemicals 
were weighed properly and utilized as a precursor for making a 0.1 M solution. A simple pro-
cedure has been used for the synthesis of the 0.1 M solution. Initially, citric acid (C6H8O7) was 
used to make a solvent by dissolving in double-distilled water in a beaker. In the above solu-
tion, the ratio of citric acid and metal nitrate was kept at 1:1. Further, a small amount of con-
centrated nitric acid was used in order to amplify the dissolving solvent, followed by the addi-
tion of bismuth nitrate pentahydrate. Afterward, iron (III) nitrate nonahydrate was added to the 
above mixture to get the ratio of the compound in a proper mode. At the end, ethylene glycol 
was poured into the above mixture in a particular ratio and stirred at 90° to get a gel solution. 
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Next, the solution was vigorously stirred, which resulted in a light yellow-colored solution. 
The as-prepared samples were calcined at 550 °C for 2 h. Finally, a brown-coloured powder 
in precipitate form was obtained as the final product was obtained. The process sequence of 
the whole synthesis for synthesizing the Bi excess BFO (Bi1+xFeO3) nanostructures has been 
shown in the form of a flow chart, as revealed in Fig. 1. The governing electrochemical reac-
tions for the preparation of BFO nanoparticles are mentioned below:

The general reaction is represented by the following equations, and the anodic peaks are 
connected to the oxidation process (scharging) of bimetal to Bi3+ in the KOH electrolyte 
(Sarma et al. 2013; Vivier et al. 2001).

The following equations demonstrate the cathodic peak of Bi3+ to Bimetal for the reduction 
process (discharging):

(1)Bi → Bi
+
+ e−

(2)3Bi
+

disproportionnation
⟷ Bi

3+ + 2Bimetal

(3)3OH
−
+ Bi

3+
→ Bi(OH)

3

(4)Bi(OH)
3
→ BiOOH + H

2
O

(5)BiO
−

2
+ e− → BiO

−

2

(6)2H
2
O + 3 BiO

2−

2

disproportionnation
⟷ 2BiO

−

2
+ 4OH

− + Bi
(0)

(7)Bi
(0)

→ Bimetal

Fig. 1   Synthesis flow chart of Bi excess BFO via sol–gel route
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The formation of oxidation peaks and reduction peaks in 1 mol KOH electrolytes is due 
to a redox process between Fe2+ and Fe3+, which can be represented by the following equa-
tion (Li et al. 2017; Liu et al. 2014):

3 � Characterizations

In order to study the various properties of the synthesized BFO nanoparticles and decide 
their appropriate applications in supercapacitors, different characterization techniques have 
been used. For phase identification, crystalline size, and micro-strain determination, the 
XRD (X-ray diffraction) technique was used. FESEM (field emission scanning electron 
microscope) was used to study the surface morphology. The cyclic voltammetry and elec-
trochemical impedance spectroscopy techniques were used to measure the supercapacitive 
behaviour of the synthesized samples. For measuring the existing Raman bands in the sam-
ples, Raman spectroscopy was used.

3.1 � XRD analysis

In Fig. 2, the XRD patterns of the synthesized BFO nanoparticles have been shown and the 
crystallite size of Bi1+xFeO3 (x = 0.00, 0.05, 0.10) have been examined via XRD results. 
Figure 2 shows the XRD patterns of BFO powders annealed at 550 °C for 2 h. The pres-
ence of a secondary (impurity) phase i.e., Bi2Fe4O9 has been observed along with BFO as 

(8)Fe(OH)
2
+ OH−

→ FeOOH + H
2
O + e−

Fig. 2   XRD patterns of pure BFO, BFO5, BFO10. Samples were  refined using the Rietveld method. 
Bi2Fe4O9 impurity phase peaks are denoted by an asterisk (*)
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the major phase during synthesis. Refer to Fig. 2, the most prominent peaks confirm the 
presence of BFO but some other peaks at low intensity also show by product Bi2Fe4O9 
located at 2θ = 27.81, 28.32, 29.00. The secondary peaks can be attributed to the Bi3+ ion 
volatilizations that occur as a result of the further bismuth addition. Bi3+ ions tend to evap-
orate quickly during synthesis under conditions like drying and annealing in the bismuth 
excess series of BFO due to bismuth’s greater vapor pressure. The peaks of the secondary 
phase Bi2Fe4O9 increase as an increase in the doping percentage of Bi. BFO10 nanoparti-
cles show a maximum fraction of secondary peak. While BFO5 and BFO at lower Bi con-
tent show the minimum fraction of the secondary phase. The sharp peaks indicate the crys-
talline nature of the material. The highest peak intensity was found at 2θ = 32.28, 32.26, 
31.91 for BFO, BFO5, and BFO10, respectively.

The average crystallite size was calculated by the Debye Scherrer formula (Scherrer 
1918; Dangi et al. 2022; Khichar et al. 2020; Dhayal et al. 2020; Sharma et al. 2019):

In the above equation, k is a Scherrer constant (~ 0.98); β is peak width at half maxi-
mum intensity, and λ is the wavelength of the radiations (~ 1.540 nm). The calculated aver-
age crystallite size was determined as ~ 57 nm, 44 nm, 54 nm for pure BFO, BFO5, and 
BFO10, respectively. There was found a slight decrease in the sizes with increasing Bi 
doping at Bi sites in pure BFO. The sharp peaks indicate about the crystalline nature of the 
material. However, the peak broadening of the nano-particles due to lattice strain ( � ) can be 
obtained with the help of FWHM (full width at half maximum: β) which can be expressed 
by W–H (Williamson Hall) relation (Mote et al. 2012; Kibasomba et al. 2018), as given 
below:

With the help of W–H plots, shown in Fig. 3 (a, b and c), it can clearly be seen that 
particles size decreases with increasing Bi doping. The different sizes of the nano-particles 
can cause stress which hinders crystalline growth. Calculations were performed to show 
that the structural parameter strain firstly increases and then decreases with the Bi excess. 
The parameters of micro-strain from the W–H plot were calculated as 0.04275, 0.06119, 
and 0.0546 for pure BFO, BFO5, and BFO10 nanoparticles, respectively. The extra addi-
tion of Bismuth results in the volatilization of Bi3+ which is assured with secondary peaks. 
Bi3+ ions get quickly evaporate during synthesis due to the higher vapor pressure of Bi, 
such as drying and annealing conditions in Bi excess series of BFO.

Refer to Fig. 2, utilizing the Rietveld refinement code included in the Fullproof open-
access software, the XRD data were precisely examined. The XRD profile of the examined 
materials is depicted in Fig.  2. where the little black dots stand in for the experimental 
XRD pattern and the fine red lines represent the fitting curves with (χ2) values 3.9, 2.1 
and 2.8 for BFO, BFO5, BFO10, respectively. The blue line shows the difference between 
the measured and fit patterns, while the black vertical lines show exactly where the Bragg 
angles are located. All samples of Bi excess Bi1+xFeO3 are formed in rhombohedral dis-
torted perovskite structure with R3c space group, as shown by the well matching between 
experimental and computed diffraction peaks. According to JCPDS card No. 01–074-1098, 
the extra weak peak at 2θ = 28° may have been caused by the presence of a minor sec-
ondary phase of Bi2Fe4O9. The peak positions show an apparent splitting along with the 

(9)D =
k�

�cos�

(10)
�cos�

�
=

1

d
+

�sin�

�
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reduced intensity and indicate a rhombohedral picture with the R3c space group having 
unit cell parameters of a = b = 5.579 Å, c = 13.8705 Å and α = β = γ ≠ 90.

3.2 � Surface analysis

Analysis of surface morphology is very helpful in assessing the change in morphology, 
along with grain size and shape, that the introduction of the Bi-excess causes. In Fig. 4 (a, 
b, and c), FESEM images of pure BFO, BFO5, and BFO10 have been displayed, which 
illustrate the morphological properties of as-synthesized pure and Bi-doped BiFeO3 nan-
oparticles. In Fig. 5, the FESEM mapping images and EDAX spectra showing elements 
presence in pure BFO, BFO5 and BFO10 have been illustrated. All particles are homo-
geneous and agglomerated. Agglomeration occurs as a result of surface attractive interac-
tions and van der Waals forces, which are always present but only become significant at the 
nanoscale, where objects can get as close as nanometers to one another. However, as far as 
the drying process is concerned within the simple preparation, this agglomeration could 
potentially exist due to their high surface energy. Analysis performed by FESEM shows the 
spherical shape morphology of all the particles and gives information about the Bi excess 
nanoparticles composed of nano-crystalline grains. A high voltage (order 15 kV) was used 
for scanning the BFO, BFO5, and BFO10 nanoparticles, respectively.

Fig. 3   W–H plot of a pure BFO; b BFO5; and c BFO10
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3.3 � C–V analysis

The cyclic-voltammetry (CV) analysis of Bi1+xFeO3 (with x = 0.00, 0.05 and 0.10) 
with pure and 5% and 10% Bi excess nanoparticles for potential application in super-
capacitors was carried out. There were three electrodes in the C–V setup. By using the 
cyclic-voltammetry, the calculations of the specific capacitance of the electrodes were 
performed from the mathematical relation given below (Iqbal et al. 2018):

In the above expression, the integral part represents the area of the volumetric curve, 
m represents the mass of the material under investigation, the term (V2 − V1) is used to 
represent the potential window and K is the scan rate.

The working electrodes were created by combining 80% active materials (BiFeO3, 
Bi1.05FeO3, and Bi1.10FeO3), 10% carbon black, and 10% polyvinylidene fluoride 
(PVDF). To create a slurry, the weighted electrode components were uniformly blended 
with n-methyl-2 pyrrolidinone (NMP) acting as the solvent. The slurry was applied to 
the nickel foam substrate (about 1.0 cm2) and allowed to dry for 12 h at 80 °C in the 

(11)Csp =
∫ I.dV

mK(V
2
− V

1
)

Fig. 4   FESEM images of a pure BFO b BFO5 c BFO10
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hot air oven. The weight of the active material Bi was 1 mg. In shape and size all the 
electrodes were identical. Pt and Ag/AgCl wires were used as reference and counter 
electrodes, respectively.

Fig. 5   FESEM mapping images and EDAX spectra of (a, a′) pure BFO (b, b′) BFO5 (c, c′) BFO10

Fig. 6   (a, b and c) shows C–V plots of BFO; BFO5 and BFO10, respectively at scan frequencies of 10, 
20, 50, and 100 mV/s; (d, e and f) shows the variations in specific capacitance (Csp) of BFO, BFO5 and 
BFO10, respectively, with the different scan rate
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In Figs. 6 a–c, the recording of cyclic-voltammetry data for the samples BFO, BFO5, 
and BFO10 with the scan frequencies 10, 20, 50, and 100  mV/s has been shown. In 
Fig.  6a–c, the C (current density) Versus V (potential applied) curves (i.e., C-V curves) 
were plotted for BFO, BFO5, and BFO10, respectively, for the scan rate having range rang-
ing from 10 to 100 mV/s. Further, the response of scan rate to the specific capacitance of 
BFO, BFO5, and BFO10 was shown in Figs.  6d–f. Moreover, C–V curves for different 

Fig. 7   C–V plot of Bi1+xFeO3 (with x = 0.00, 0.05 and 0.10) nanoparticles at a particular scan frequency 
10 mV/s
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compositions in Bi1+xFeO3 have been plotted in Fig. 7, and the response of change in com-
position to the specific capacitance has been illustrated in Fig. 8. From these plots, it is 
clear that the redox peaks of all the samples appear in the C–V curves, and the BFO5-
based electrode showed the largest region in the C–V plot, as shown in Fig. 6b. The BFO5 
electrode has displayed the highest capacitive reaction in comparison to the BFO and 
BFO10 electrodes. A numerical comparison of Bi1+xFeO3 (with x = 0.00, 0.05 and 0.10) 
has been made in context of specific capacitance, current density, scan rates and electrolyte 
in Table 1. All investigated electrodes have shown redox peaks in the C–V curves due to 
the transition between different valence states. In electrolyte solution, only the outer sites 
could be more active at a higher scan rate than the inner sites, which completely inhibited 
the redox reaction. With increasing Bi doping concentration, the particle size gets reduced, 
which was observed from the XRD study, due to which an electrochemical reaction takes 
place with enhanced active surface area. From Figs. 6d–f, it can be predicted that the spe-
cific capacitance decreases for all samples with increasing scan rates (see Table 1).

3.4 � Analysis of Raman spectroscopy

The as-prepared samples BFO, BFO5, and BFO10 synthesized via a simple sol–gel route 
were analyzed via Raman Spectrometer (Thermo Fisher) using a 532 nm diode laser. The 
vibrational modes studied through Raman Spectroscopy are shown in Fig.  9a, b and c. 
The vibrational modes for BFO were found at 336,373,411,and 697 cm−1.For BFO5, the 
Raman active modes were found at 376,409,701  cm−1, and; for BFO10 the modes were 
available at 375,409, and 702 cm−1.Since the BFO is an R3c structure, hence the Raman 
active vibrational mode for BFO is 13 i.e. (4A1 + 9E). A1 modes are polarized along the 
z-plane whereas E mode is polarized along the X–Y plane; while A2 modes are silent. 
However, out of the 13 vibrational modes, there are 8 phonon modes. From Fig. 9, it can 
clearly be seen that A1-4 modes were available at 411 and 409 for BFO and BFO5, and 
BFO10, respectively. Other phonon modes were found at 375, and 376 cm−1for BFO and 
BFO5, and BFO10, respectively.

3.5 � Impedance analysis

The effect of the grain and grain boundary resistance to the total resistance of all the sam-
ples (BFO, BFO5, and BFO10) were further studied via Nyquist plots/ cole–cole plots as 
shown in Fig. 10. A graph is plotted between real impedance (Z′) and imaginary imped-
ance (Z′′). Semicircular arcs in the graph are the results of high resistance at low frequency. 
Hence, the grain boundary of the nanoparticles is mostly identical complete resistance of 
the sample. Additionally, it can be seen that with increasing Bi-excess the diameter of the 

Table 1   Comparison table of Bi1+xFeO3 (with x = 0.00, 0.05 and 0.10)

Electrode material 
compositions

Scan rate (mV/s) Specific capaci-
tance (F/g)

Current density (A/g) Electrolytes

BiFeO3 10–100 125–82 0–25 A/g 1 Mol KOH
Bi1.05FeO3 10–100 198–118 0–30 A/g 1 Mol KOH
Bi1.10FeO3 10–100 178–95 0–15 A/g 1 Mol KOH
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semicircles gets larger than that of the BFO and is found to be at its greatest for BFO. This 
implies that BFO nanoparticles display the greatest grain resistance.

EIS (electrochemical impedance spectroscopy) is quantitatively examined to glean more 
knowledge about the electrode material and electrolyte’s electrical and ionic conductivity. 
Figure 10 displays the Nyquist plots for the Bi1+xFeO3 nanoparticles (where x = 0, 0.05, 
and 0.10) series samples fitted with the help of Zview software. The justified plots with 
the fitted data shown in Fig. 10 confirm the best performance of BFO5. Further, the EIS 
research was carried out at an open circuit potential with amplitude of 10 mV and an AC 
frequency range of 10  kHz to 1  MHz. Different parameters, such as solution resistance 
(Rs), charge transfer resistance (Rct), Warburg impedance (W), and fitted parameters were 
used to fit the experimental data of the Nyquist plot. Since the ions do not have enough 
time to pass through the bulk of the electrode, the Nyquist plot exhibits a tiny arc that 
compensates for the charge transfer reactions and double-layer capacitance at the electrode/
electrolyte interface. The Rct values, which are 0.18, 5.1, and 1.69 for the BFO, BFO5, 
and BFO10 samples, respectively, depend on the semicircle’s diameter. The equivalent cir-
cuit has been shown in inset of Fig. 10. From the equivalent circuit, the values of solution 

Fig. 9   Raman spectra for a BFO b BFO5, and c BFO10 nanoparticles
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resistance (Rs) for BFO, BFO5 and BFO10 have been kept as 2.702, 2.109, and 3.074Ω, 
respectively.

3.6 � GCD (Galvanostatic charge–discharge) Study

Figure 11a shows that the specific capacitance is dropped as the current density increased. 
The specific capacitance was found to be ~ 190 F g−1 at 1 Ag−1 current density and dropped 
to ~ 108 F g−1 at 5 Ag−1. Figure 11b shows that the specific capacitance dropped as the 
current density increased. The cycling behavior of the BFO5 electrode was carried out for 
2000 cycles to  examine the cyclic stability of the electrode, as shown in Fig.  11c. Fig-
ure  11c displays that with extensive cycling (more than 1000 cycles), just a very slight 
drop (6%) in the specific capacitance is visible, indicating no discernible fade. The BFO5 
electrode has demonstrated impressive cycle stability. As evaluated at 1  Ag−1, the BFO5 
electrode has also demonstrated outstanding cyclic stability, with > 94% capacitance reten-
tion over 2000 cycles.

4 � Summary and conclusion

The synthesis of Bi1+xFeO3 (with x = 0, 0.05, 0.10) nanoparticles and their characteri-
zations for seeking the suitable utility in making energy storage devices like superca-
pacitors have been performed. The best composition of Bi1+xFeO3 has been optimized 
for (x = 0.05) with the help of structural analysis utilizing the XRD, Rietveld refine-
ment, cyclic-voltammetry technique, impedance analysis and GCD study. It has been 
found that BFO5 in single phase is the most optimized phase which is almost stoichiom-
etry as compared to pure BFO and BFO10. As in nature the Bi- evaporates out during 

Fig.10   Nyquist plots/Cole–Cole plots of BFO, BFO5 and BFO10 electrodes with fitted equivalent circuit
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synthesis, so, in pure BFO Bi- deficiency occurs while in BFO10 there is a sufficiency 
of Bi- and due to this volatile behavior, BFO show secondary phases. To compensate 
this deficiency and sufficiency in pure BFO and BFO10, the BFO5 have showed the 
optimized, stable and pure phase. The super-capacitive performance of the BFO5 has 
also been optimized by electrochemical analysis with the help of cyclic-voltammetry 
which has recorded the data for the samples of pure BFO, BFO5, and BFO10 with the 
scan frequencies 10, 20, 50, and 100 mV/s. It was found that the BFO5 (i.e. Bi1+xFeO3 
with x = 0.05) electrode has displayed the highest capacitive reaction in comparison to 
the BFO and BFO10 electrodes. In addition, the BFO5 has shown the highest specific 
capacitance. The impedance analysis has also been performed via Nyquist plots con-
sidering the equivalent ac circuit, which confirmed that the BFO5 nanoparticles dis-
play the greatest grain resistance. Further, the justified Nyquist plots with the fitted data 
have confirmed the best performance of BFO5. According to the GCD plots, the BFO5 
electrode has demonstrated impressive cycle stability. As evaluated at 1Ag−1, the BFO5 
electrode has demonstrated outstanding cyclic stability, with > 94% capacitance reten-
tion over 2000 cycles. Thus, in conclusion, all these characterization results suggest that 
the BFO5 (i.e. Bi1+xFeO3 with x = 0.05) is the best material for usage in energy storage 
application.
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