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A B S T R A C T   

Simultaneous rare-earth doping at A and B sites have impacted various properties of BFO at room temperature. In 
this work, the dielectric and magnetic properties of BFO, are tailored by doping La and Se. Bi0.92La0.08

Fe1− xSexO3, (x = 0%, 10%, 25%, 50%, 100%) nanostructures are prepared using sol-gel technique. Structural 
analysis reveals that increased doping has reduced and eliminated the secondary phases of nanostructures. 
Absorption spectra showed a wide blue shifted absorption, indicating multiple electron transitions and the 
bandgap values decreased upon doping. Improved room temperature dielectric properties with increased doping 
indicates these nanostructures as viable candidates in energy storage applications. The improvements in ac- 
conductivity, impedance and modulus spectrum of doped nanostructures are observed. Specific capacitance of 
36.22 F/g for Bi0.92La0.08Fe1O3 at 10 mV/s and 21.48F/g for the Bi0.92La0.08Fe0.9Se0.1O3 sample was observed. 
Weak ferromagnetism is observed in M-H loops with increased Se concentration that also finds applications in 
magnetic storage devices.   

1. Introduction 

Multiferroics are an interesting class of multifunctional materials 
that have attracted considerable attention because they exhibit multiple 
ferroic orders, such as ferroelectricity, ferromagnetism, and ferroelas
ticity. The coupling of electric and magnetic properties has been found 
to be useful in various applications including energy storage, data 
storage, ferroelectric field-effect transistors (FeFETs), sensors, actuators, 
and spintronics [1,2]. Bismuth Ferrite (BFO) has recently been one of the 
most researched topics owing to its room temperature multiferroic 
properties that makes it a potential candidate for applications in 
numerous fields including smart devices, memory devices, sensors and 
energy storage applications. 

In the later years, researchers have focused their efforts on devel
oping electrochemical devices for energy conversion and energy storage 
to address issues such as depletion of fossil fuel supplies, increasing 
energy cost and environmental pollution [3]. Very recently, works were 
reported on the synthesis of high performance electrode materials with 
appreciable cycle period [4–6]. In terms of power and energy density, 
supercapacitors are seen to be a viable alternative to Lithium-ion bat
teries because of their high power density and long service life. The 

supercapacitors bridge the gap between normal capacitors and batteries 
[7]. Supercapacitors are categorized by charge storage techniques. 
Electric double layer capacitors (EDLcs) have high power density and a 
long cycle life while pseudocapacitors have high energy density and 
high specific capacitance. But, their applicability is limited by weak 
conductivity and low active material usage rates [8]. Recently, Dielec
tric materials with high energy storage density, good temperature sta
bility, and low dielectric loss have gained potential applications in 
capacitor technology. Developing capacitors with improved energy 
density, storage efficiency and operation sustainability in severe envi
ronments are one of the main aim of the ceramic industry. 

To enhance the features of present electrochemical energy storage 
devices, the dielectric properties and magnetic properties of nano
structures need to be optimized and finding a suitable dielectric material 
is vital for industrial applications. The ferroelectric and ferromagnetic 
properties of BFO multiferroics can be tuned by the substitution of A-site 
cation with rare earth elements or by replacing the B-site cation with 
transition metals and rare earth elements [9]. In this context, various 
attempts have been made by doping the A and B sites of BFO nano
structures with Rare earth elements such as lanthanum (La) and sele
nium (Se) to enhance the optical and dielectric properties that may 
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impact the conductivity properties toward energy production and en
ergy storage applications. It is reported that the A-site substitution im
proves the magnetization and dielectric properties and the B-site doping 
reported enhanced magnetic properties, making them suitable candi
dates for supercapacitor applications [10]. Also, much progress has been 
achieved on the rare earth-doped Perovskite oxide nanostructures after 
considerable experimental and theoretical efforts. The unique magnetic, 
electrical and spectroscopic properties of rare-earth elements were re
ported to improve the efficiency of energy conversion processes. It is 
believed that smaller A-site cations (La) and vacancies introduced in the 
lattice due to rare earth doping tend to cause a chemical pressure, 
leading to tilting and compression of oxygen octahedrons in the anti
ferroelectric distortive configuration of BFO. Thus, affecting the elec
trical and magnetic properties of the material. Hence, such dopants are 
opted to enhance the multiferroic properties of the material, aiding its 
energy conversion and energy storage properties. 

2. Experimental technique 

Various samples of (La, Se) co-doped BFO nanoparticles with 
empirical formula Bi0.92La0.08Fe1− xSexO3, (x = 0%, 10%, 25%, 50%, 
100%), labelled as BLFO, BLFSO1, BLFSO2, BLFSO3 and BLSO for Se =
0%, 10%, 25%, 50%100% respectively were synthesized by sol–gel 
method. Nitrate salts of Bismuth and Lanthanum were stoichiometri
cally dissolved in acetic acid (5 ml) and ethylene glycol (5 ml) for 2 h. 
Iron nitrate and selenium powder (Se = 0%, 10%, 25%, 50%, 100%) 

were dissolved in acetic acid (10 ml) at 40 ◦C for 2 h using magnetic 
stirrer. Then, both the solutions were mixed for 3 h under constant 
magnetic stirring. The mixed solution was dried in oven at 90 ◦C for 12 
h. The obtained gel was then calcined in the furnace at 600 ◦C for 3 h. 
After cooling, the calcined powder was ground to get the nanostructures. 
The flow chart representation of the synthesis procedure is shown 
below. 

3. Results and discussions 

3.1. X-ray diffraction 

The XRD data were analysed to check the presence of various phases/ 
impurities in the samples and to identify the crystal structure thereby 
helping in determining the structural and lattice parameters. The room 
temperature powder X-ray diffraction pattern of BLFO and the derived 
BLFSO nanomaterials calcined at 600 ◦C were recorded using the 
PANalytical X’Pert PRO powder X-ray Diffractometer system and the 
corresponding graphical plots of the samples are presented in Fig. 1. The 
BLFO sample revealed diffraction peaks (012) (210) (104) (110) (202) 
(024) (018) (214) showing a distorted perovskite based rhombohedral 
structure with R3c space group that is in agreement with the JCPDS card 
#01–086-1519. Abbasi et al., [11], have reported similar results with 
lanthanum doped BFO. On incorporating Se, the diffraction peak (012) 
became weak and the peak (210) intensified with increase in doping 
concentration. The sharp and high intensity peaks support the good 
crystallinity of as synthesized BFO nanostructures. The Fe peak (110) 
(202) were suppressed and completely disappeared in the BLSO sample 
due to the absence of Fe. Also, a slight shift in peaks toward the higher 
diffraction angles were observed on Se doping at peaks corresponding to 
(104) and (110) which could be ascribed to difference in ionic radius of 
dopants (Se = 0.64◦A, La =1.032◦A) than parent ions (Bi = 1.03◦A), Fe 
(Fe = 0.78◦A) [12–16]. A similar trend was previously reported for 
different rare-earth doped BFO nanoparticles [17]. Impurity phase of 
Bi25.04Fe0.84O40 indexed between following (hkl) (2 0 4) and (101) 
indices (mentioned as * in Fig. 1) was noted in the BLFO sample which 
them disappeared on co-doping of Se. 

Fig. 1. XRD patterns of La, Se doped BFO nanostructures.  

Table 1 
Crystal structure Parameters obtained from the XRD patterns.  

S⋅No Sample Average Crystallite 
Size (nm) [19] 

Dislocation Density δ 
(10− 16 lines/m2) [19] 

Microstrain 
[19] 

1. BLFO 26.10 0.0031 6.266 
2. BLFSO1 27.39 0.0026 5.501 
3. BLFSO2 35.45 0.0008 5.238 
4. BLFSO3 48.70 0.0004 2.814 
5. BLSO 34.96 0.0018 3.451  
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The crystallite size (D) calculated and tabulated using the Debye 
Scherer’s formula was found to be increased with increase in doping 
concentration from 26 nm to 48 nm (Table 1). A Red shift of peaks are 
observed around 32◦ with an increase in Se concentration which indi
cated the increase in size of the doped samples. But for the BFSO sample, 
a shift toward the lower angle is noted, indicating a decrease in size. This 
change in size of the BLSO sample may be due to the absence of iron. The 
dislocation density of the doped samples was calculated and found to 
decrease with increase in doping concentration due to the increase in 
crystallite size of the doped samples. The decrease in dislocation density 
indicates that the nanostructures are more ordered and crystalline upon 
the incorporation of Se dopants. The lattice strain/ micro strain of the 
samples was also observed to decrease with increase in doping 

concentration. M. M. El-Okr et al. [18] have reported a decrease in 
microstrain values with increasing particle size due to the long anneal
ing time in CoFe2O4 nanoparticles [18]. 

The incorporation of lanthanum (0.3 wt%) results in the phase 
transformation rhombohedral to orthorhombic [20,21]. Here, it is 
observed that the addition of Se with with Fe red shifts two theta in 
(104) (024) and (214) peaks that results in mixed phase of both rhom
bohedral and orthorhombic. 

3.2. Scanning electron microscopy and EDAX 

SEM analysis is useful in evaluating the change in morphology along 
with grain shape and size that is caused by the addition of dopants. Fig. 2 

Fig. 2. (a). SEM micrographs of the prepared La, Se doped BFO nanostructures. (b). EDAX spectra of the prepared La, Se doped BFO nanostructures.  
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(a) shows the change in surface morphological features and shape of 
rare-Earth doped BFO nanstructures observed using Jeol JSM 6390 
Scanning Electron Microscope. The BLSO nanoparticles showed smooth 
spheres and BLFO nanoparticles showed agglomerated flakes. The 
incorporation of Selenium in the BLFO samples (BLFSO) showed the 
transformation from agglomerated flakes to distinct flaky particles and 
then to spheres as the doping concentration increases. It is evident that 
the morphology of the samples were affected by the incorporation of 
selenium. Hence, the surface appears smoother with an increase in se
lenium concentration that can also be correlated to the decrease in the 
microstrain as observed from XRD. The change in the micro structures 
on La and Se substitution in BFO may enhance dielectric and magnetic 
properties that may impact energy storage properties of BLFSO 
nanostructures. 

The compositional analysis was carried out for the Bi0.92La0.08

Fe1− xSexO3 nanostructures to confirm the presence of rare earth dopants 
at the elemental level through Energy Dispersive X-ray spectroscopy 
(EDAX). The EDAX spectra of all the prepared samples as given in the 
figure below. It confirms the characteristic peaks for Bi, Fe, La and Se 
clearly. The absence of any other peaks indicates that the prepared La 
and Se doped BFO nanostructures have uniform dopant throughout the 
samples and that quality of all the prepared doped nanostructures are of 
single phase nature. 

3.3. Optical analysis 

The optical properties is related to the electronic structure and their 
band gaps. The UV–Vis absorption spectra was used to investigate the 
optical properties of rare-Earth (La, Se) doped BFO at room temperature 
in the wavelength range of 200 nm - 800 nm by using Shimadzu 2600 
UV–Vis Spectrophotometer. A broad absorption spectra was observed 
for all the samples. The absorption peaks were observed at 613 nm 
(BLFO), 603 nm (BLFSO1), 609 nm (BLFSO2), 619 nm (BLFSO3), 390 
nm (BLSO) (Fig. 3). 

Incorporation of Se in BLFO results in red shifted absorption wave
lengths but blue shifted on comparing with BLFO. Drastic change in 
absorption occurs in BLSO samples due to absence of Fe. 

The optical absorption coefficient near the band edge follows the 
equation: 

(αhν)n
= A

(
hν − Eg

)

where α, h, ν and Eg are absorption coefficient, Planck’s constant, fre
quency of incident photons, and band gap, respectively, and A is a 

constant. The corresponding energy band gap of the material can be 
estimated using the Kubelka–Munk (K–M) theory, from the (αhν)n vs. hν 
plot by extrapolating the linear portion of the plot to zero. The bandgap 
calculations were done for the absorption wavelengths of each sample 
and the corresponding bandgap values were tabulated below. 

The direct bandgap values of the samples were found to decrease 
with increase in doping concentration. For BLFO, the bandgap was 
found to be 2.71 eV which decreased to 2.67 ev in BLFSO samples 
(Table 2). For BFO samples, the reported direct bandgap values range 
upto 2.4 ev. The reported bandgap value for the bulk BFO is 3.00 ev 
[22]. Therefore, it is evient that the bandgap value has been reduced for 
the nanostructured doped BFO when compared to its bulk form. The 
optical bandgap of the prepared nanostructures were found to be 
decreasing with increasing dopant concentration which can be struc
tural distortion found in the samples [23,24]. This reduction in the 
optical band gap perhaps may be due to the generation of new states 
within the band gap, which facilitates the motion of electrons from the 
valence bands to new produced local sates of the conduction band 
[25,26]. 

Photoluminescence spectroscopy (PL) is an effective method for 
investigating the presence of defects in semiconducting materials. 
Origin of defects in a synthesized sample depends on several factors such 
as: synthesis protocol, maintaining pH value during the synthesis, 
thermal treatment to the sample and type of dopants etc. [24]. Room 
temperature PL emission spectra were also investigated at the excitation 
wavelength 300 nm using Shimadzu RF-5301pc Spectro
fluorophotometer. The PL spectra shows three emission peaks in the 
emission spectrum; one at 365 nm, and other two at 470 nm and 600 nm 
(Fig. 4). The characteristic peak at 365 nm is ascribed to the radiative 
emission of nanostructures during recombination of electron-hole pair 
while the other peaks are due to emission as a result of recombination 
owing to the defects and donor acceptor interaction [27]. Two addi
tional kinks observed at 570 nm and 633 nm reveals strong emission in 
the visible region. 

3.4. Dielectric analysis 

The dielectric constant and dielectric loss of as-synthesized 
Bi0.92La0.08Fe1− xSexO3 samples were investigated in the frequency 

Fig. 3. UV–Vis absorption spectra of La, Se doped BFO nanostructures.  

Table 2 
Calculated bandgap values of the prepared nanostructures.  

Samples BLFO BLFSO1 BLFSO2 BLFSO3 BLSO 

Bandgap 2.71 eV 2.68 eV 2.56 eV 2.55 eV 3.57 eV  

Fig. 4. PL spectra of La, Se doped BFO nanostructures.  
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range 100 Hz to 1 MHz at room temperature using HIOKI Hi Tester LCR 
Meter, for evaluating dielectric performance. The dielectric properties of 
these nanostructures in this frequency range are rarely available because 
of persistence of leakage current [28]. The dielectric constant (ε’) and 
tangent loss (tanδ) were plotted against frequency following the re
lations [29]: 

ε′

=
C*d
εo*A 

Fig. 5 demonstrates increase in values of dielectric constant with 
increasing doping concentration and gradual decrease of dielectric 
constant with increasing frequency. 

The energy dispersion indicated by the dielectric constant graph in 
Fig. 5 shows a decreasing trend with increasing frequency, which is a 
conventional ferrite behaviour. At low frequency, the dielectric constant 
depends upon different types of polarizations, i.e. interfacial, ionic, 
electronic, atomic polarization. But at high frequencies, only electronic 
polarization is responsible for the dielectric constant. So, there is a 
drastic decrease in dielectric constant values in the low frequency re
gion, which later remains constant in the high frequency region. Ac
cording to Kumar et al. [30] the rapid fall in dielectric constant at low 
frequency was due to inertia, which hinders the instantaneous polari
zation of the applied field. According to the Maxwell-Wagner two layer 
model, polarization is produced in any polycrystalline material due to 
well conducting grains separated by poor grain boundaries [30]. Hence, 
at lower frequencies, the space charges can follow the applied field due 
to their larger relaxation times, while at higher frequencies, they lag 
behind the applied field and hence, are unable to undergo relaxation 
[31]. The dielectric constant values were also found to decrease with 
increase in Se concentration. This variation of the dielectric constant 
points out the dispersion that occurred led by Maxwell interfacial po
larization and has been in accord with the Koops phenomenological 
theory [29,32]. The dispersion of the dielectric constant may be caused 
by the hopping of electrons between La and Se ions. The large values of 
the dielectric constant in Bi0.92La0.08Fe1− xSexO3 can be understood as 
the replacement of Fe3+ ions by La2+ and Se2+, which has been expected 
to introduce a higher density of vacancies and increase the probability of 
hopping conduction mechanism. The initial slow decrease in the 
dielectric constant has been consistent with the Koops model [32]. 
Moreover, nanocrystalline samples have high grain boundary density 
and so the nature of the grains and grain boundaries affects the electrical 
properties [33]. The in-homogeneity occurred because of grains and 
grain boundaries that lead to high dielectric values. 

Fig. 6 shows the polarization lagging with respect to the alternating 
applied electric field, which is explained by the dielectric loss (tan δ). 
The main causes of dielectric loss are impurities and imperfections/de
formities in the crystal lattice of dielectric materials. Similar to the 
dielectric constant graph, the dielectric loss also shows a decreasing 
pattern with increasing frequency and dopant concentration at the low 
frequency region and then remains constant at high frequencies. The 
decrease in loss tangent with increasing frequency may be attributed to 
the hopping frequency of the electron interchange between Fe3+ and 
Fe2+ ions at neighbouring octahedral sites [34]. The dielectric loss in
creases for all the samples with decreasing frequency without having 
any loss peak, which signifies that the synthesized material is homoge
neous and stoichiometric with a uniform distribution of the grain/par
ticles. The dielectric loss value is found to be highest for the BLFO 
sample that can be attributed to the presence of charge defects in the 
sample. The dielectric loss value is observed to be decreased with the 
addition of Se, which may be due to the decrease in charge defects that 
makes BLFSO nanostructures as potential candidates for energy storage 
applications. 

It was also observed that both the dielectric constant and dielectric 
loss values were high initially, then they decreased drastically with in
crease in frequency in the low-frequency region and after a certain value 
at high frequency, it tends to remain constant. This phenomenon can be 
well described by the Maxwell-Wagner model, which is related to space 
charge relaxation [29]. 

3.5. Impedance analysis 

Impedance spectroscopy is a powerful tool used to gain more infor
mation about the electrical heterogeneity and to distinguish the 
impedance contribution from grain, grain boundary and the electrode 
[35]. The variation of real part of impedance (Z’) as a function of fre
quency at room temperature using HIOKI Hi Tester LCR Meter for 
Bi0.92La0.08Fe1− xSexO3 nanostructures are displayed. 

The complex impedance can be denoted by 

Z = Z ′

+ iZ˝

Where Z’ and Z" are the real and imaginary parts of the complex 
impedance. 

Z
′

=
Z
d

cos
[

φ
(

3.14
180

)]

Fig. 5. Dielectric constant vs frequency plots of La, Se doped BFO 
nanostructures. 

Fig. 6. Dielectric loss vs frequency plots of La, Se doped BFO nanostructures.  
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Z˝ =
Z
d

sin
[

φ
(

3.14
180

)]

Where Z is the complex impedance value measured from the HIOKI 
Hi Tester LCR Meter and d is the thickness of the pellet (0.002 m) and φ 
is the phase angle values obtained for the HIOKI Hi Tester LCR meter. 

The complex impedance values of the BFO nanostructures at room 
temperature are plotted against the frequency (Fig. 7). It can be seen that 
the impedance values decrease rapidly at low frequencies and then 
continue to remain constant at high frequencies. To get a clear under
standing of the impedance spectrum, the real and imaginary parts of the 
complex impedance were plotted against the frequency. 

In Fig. 8, it can be seen that Z’ decreased with increasing frequency, 
which might be ascribed to the improvement in the conduction mech
anism. This enhancement in the conductive property of the nano
structures may be due to the electron hopping among the localized 
charge carriers, which are enriched with frequency of applied field [36]. 
At higher frequencies, the impedance values tend to be constant, which 
shows the frequency independent behaviour of Z’. This decreasing trend 
of impedance has been reported by Amin M et al., for La/Cr co-doping 

[37] and Sr/Mn co-doping at Bi/Fe lattices in BFO [38]. Here, with 
the addition of Se, the Z’ values were found to be decreased when 
compared to BLFO which represents the enhanced conduction of the 
nanostructures. But, the increase in Se concentration increased the 
impedance. As shown in the insets of Fig. 8 and Fig. 9. This increased 
resistivity may be due to the reduction in oxygen vacancies and the 
inhibition of fluctuation from the Fe3+ to Fe2+ state. Thus, the Se doping 
of the BLFO sample improved the insulating behaviour of the material, 
which is also responsible for improved magnetic properties. A similar 
decreasing trend was observed when the imaginary part of impedance 
(Z") was plotted against frequency (Fig. 9). 

Fig. 10 shows the Cole-Cole plots of La and Se doped BFO nano
structures. The appearance of a single semi-circle curve in BLFO, 
BLFSO1, BLFSO3 and BLSO curves represents a single Debye relaxation 
and explains the grain properties of the doped BFO sample. The semi- 
circle appears to be distorted appreciably at higher frequencies, 
thereby revealing deviation from the ideal Debye behaviour [39]. 
Obviously, the Z" plot of the BFO sample exhibits only one semicircle 
with non-zero intercept on the Z’ axis at high frequencies. The radius of 
curvature provides the resistivity of the sample, which is found to in
crease with the increase of Se doping concentration in BLFO samples. It 
is also noted that the BLFSO2 sample shows a depressed semi-circle 

Fig. 7. Room temperature Impedance spectra for La, Se doped BFO 
nanostructures. 

Fig. 8. Z’ vs Frequency spectra of La, Se doped BFO nanostructures.  

Fig. 9. Z" vs Frequency spectra of La, Se doped BFO nanostructures.  

Fig. 10. Cole-Cole plot from impedance spectroscopy measurements.  
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compared to the other samples. The formation of depressed semi-circles 
may be due to inhomogeneity in size and distribution of grains in the 
ceramic sample [40]. To take account of this effect, one needs to 
introduce a constant-phase element (CPE) Q along with the elements R 
and C in the equivalent circuit for each of the contributions. All of the 
experimental data are fitted with equivalent electrical circuits by 
ZSIMPWIN software (Table 3). 

3.6. Modulus analysis 

Modulus analysis very much useful in studying the electrical char
acteristics of materials and to explore the conduction and relaxation 
phenomena involved within the dielectric materials. Normally, this 

technique is used to inspect the hopping rate of charge careers, which 
contribute to the conduction process in dielectrics. The real (M’) and 
imaginary (M") parts of the complex electric modulus (M) was calculated 
using the relations [41]: 

M′

= ωC˳Z˝

M˝ = ωC˳Z ′

Where Co = εoA/d (εo is permittivity of free space, A the area of the 
electrode surface and d the thickness of the sample). 

Fig. 11 shows variation of M’ over a wide frequency range at room 
temperature measurements. It is characterized by an increasing value of 
M’ at the low frequency region followed by a saturated value in the high 

Table 3 
Fitted values from the Zsimp software.  

Compound Name Rg n CPE Cg Rgb n CPE Cgb 

BLFO 5.69E12 2.54E-5 0.0004305 1.30E-5 5.9E9 _ _ 6.7E-26 
BLFSO1 1414 0.00038 3.24E-8 6.74E-5 7.78E9 _ _ 8.31E-14 
BLFSO2 2.78E9 1 6.82E-5 8.99E-8 6.39E9 0.3215 1.18E-11 6.07E-14 
BLFSO3 2.89E4 2.23E-7 3.16E-8 0.0186 1.28E10 _ _ 1.35E-24 
BLSO 295.8 0.0014 6.82E-8 1.19E-5 1.043E10 _ _ 6.83E-14  

Fig. 11. M’ vs Frequency spectrum of La, Se doped BFO nanostructures.  

Fig. 12. M" vs Frequency spectrum of La, Se doped BFO nanostructures.  

Fig. 13. Complex modulus plot of the prepared La, Se doped BFO 
nanostructures. 

Fig. 14. Variation of Z" and M" of BLFSO1 with frequency.  
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frequency region. This increasing behaviour can be attributed to the 
short-range mobility of charge carriers [42]. On incorporation of Sele
nium to the BLFO nanostructures, value of M’ decreased drastically 
almost nearing zero. But, with increase in the doping concentration of 
Selenium the value of M’ increased. 

Fig. 12 represents the variation of M" over a wide frequency range at 
room temperature measurements. It can be seen that the M" plot is 
similar to that of the Z". The imaginary component of the modulus has a 
direct dependence on the resistive part of impedance through the rela
tion M" = ωCoZ’ [43]. 

Fig. 13 presents the complex modulus plots at room temperature for 
BLFSO nanostructures. Figure shows broad and asymmetric peaks 
indicating non - Debye relaxation i.e. the spreading of relaxation times 
with varying time constants. The Increase in Se doping concentrations 
increased the diameter of the arc. 

To examine the short-range mobility of charge carriers, the imagi
nary components of impedance and modulus are plotted against 

frequency in Fig. 14. It has been reported that if the peaks of both the 
components Z′ ′ and M" occur at the same frequency, it is due to the long- 
range-type charge carriers [43,44]. If it does not occur, then it is due to 
short-range-type charge carriers [44]. 

3.7. Electrical conductivity analysis 

For metal oxides, electrical conductivity can be determined from the 
dielectric and impedance measurements. The ac conductivity of the 
nanostructures can be calculated using the following relation [29]: 

σac = ε’εoωtanδ  

here εo is permittivity of free space, ε’ is the dielectric constant of the 
electrode material, tan δ is the tangent loss of the material and ω is the 
angular frequency equal to 2πf. 

The frequency dependant ac conductivity spectrum of BLFSO system 
is illustrated in Fig. 15. From this spectrum, it is evident that all the 
doped samples exhibited very low ac conductivity depicting that high 
resistance from the impedance measurements. After a particularly high 
frequency, conductivity increased sharply. Such processes can be 
explained by Koop’s model [45]. According to this model, poor con
ducting grain boundaries are responsible for low conductivity at lower 
frequencies, while The increase in σac at high frequency is due to the 
hindrance posed by grain boundaries. The high frequency of the field 
promotes jumping of charge carriers between the localized states 
resulting improvement in conductivity [46]. 

3.8. Cyclic voltammetry 

The cyclic voltammetry (CV) analysis of Bi0.92La0.08Fe1− xSexO3 
samples for potential application in super capacitors was carried out 
using CH instrument- 600C. The three electrode system was used for the 
CV set-up. Super capacitive application also depends on nature of elec
trolyte 2 M NaOH was chosen as the electrolyte. Pt wire and Ag-Ag/Cl 
were used as the Counter electrode and reference electrode respec
tively. The working electrode was prepared by coating the active ma
terial (80%) + Carbon Black (10%) + PVDF (5%) with NMP on reused 
carbon cloth and dried in an oven overnight. The prepared electrodes 

Fig. 15. Room temperature ac conductivity spectrum of La, Se doped BFO 
nanostructures. 

Fig. 16. Cyclic voltammetry graphs for La, Se doped BFO nanostructures using Carbon cloth sustrate.  
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were subjected to different voltage scan rates from 10 mVs− 1 to 90 
mVs− 1 in the potential window of − 0.35 to 0.6 V (Fig. 16). 

The specific capacitance of La doped BFO is very less reported, 
whereas, for Selenium doped BFO and La, Se co-doped BFO, has not yet 
been reported elsewhere. The specific capacitance of the electrodes were 
calculated form cyclic voltammetry using the following relation [47]: 

C =

∫
I.dV

mk(V₂ − V₁)

Where, ʃ I.dv represents the integration of the voltammetric curve, m 
is the mass of the active material, k is the scan rate and (V2-V1) is the 
potential window. Moreover, for these electrodes, the increase of cur
rent response with increasing scan rate was observed, that might by due 
to effect of scan rate on the migration of electrolytic ions and their 
diffusion into the electrode. At a relatively lower scan rate, a thick 
diffusion layer grows on the surface of the electrode, and limits the flux 
of electrolytic ions toward the electrode. This factor results in lower 
current, whereas, at a higher scan rate, the diffusion layer cannot grow 
on the electrode surface. Therefore, the enhanced electrolyte flex toward 
the electrodes leads to an increase of current [39]. 

In CV curve, with an increase of scanning rate the shifting of both the 
upper and lower peaks toward positive and negative directions respec
tively was observed. This might be because of development of over 

potential, which limits the faradic reactions [39]. 
A maximum capacitance of 20 F/g was observed at 10 mV/s for La 

doped BFO coated on the reused carbon cloth substrate, which is very 
less than the previous reported results of La doped BFO (Table 4). With 
an aim to improve the specific capacitance, the cyclic voltammetry was 
repeated for the same samples using Nickel foam as the substrate to 
study the effect of substrate in the specific capacitance values. The three 
electrode system was used for the CV set-up and the cyclic voltammetry 
analysis was carried out using the same electrolyte, 2 M NaOH. The 
working electrode was prepared by coating the active material (80%) +
Carbon Black (10%) + PVDF (5%) with NMP on Nickel foam and dried 
for a few minutes. The prepared electrodes were subjected to different 
voltage scan rates from 10 mVs− 1 to 90 mVs− 1 in the potential window 
of − 0.1 to 0.5 (Fig. 17). Here, the maximum capacitance observed for La 
doped BFO was 36 F/g (Table 5). 

3.9. Magnetic analysis 

The room temperature magnetic hysteresis (M-H) loops showing the 
variation of magnetization with respect to the applied field at room 
temperature is shown in Fig. 18. It was observed that La, Se doped BFO 
nanoparticles exhibit a weak ferromagnetism (4.27 emu/g) with satu
ration magnetization and a non-zero remanent magnetization (Mr =

Table 4 
Specific capacitance values from cyclic voltammetry using reused carbon cloth 
as substrate.  

Scan Rate Specific Capacitance (F/g) 

BLFO BLFSO1 BLFSO2 BLFSO3 BLSO 

10 mV/s 20.678 12.808 6.756 3.398 3.2 
20 mV/s 19.438 8.092 4.88 2.526 1.758 
30 mV/s 6.246 6.658 3.92 2.00 1.592 
40 mV/s 4.822 6.406 3.38 1.83 1.478 
50 mV/s 5.54 6.552 3.068 2.146 1.354 
60 mV/s 7.188 6.122 2.856 1.7024 1.262 
70 mV/s 5.518 6.046 2.66 1.57 1.202 
80 mV/s 6.46 5.93 2.534 1.524 1.156 
90 mV/s 6.3 5.96 2.426 1.494 1.114  

Fig. 17. Cyclic voltammetry graphs for La, Se doped BFO nanostructures using Ni foam substrate.  

Table 5 
Specific capacitance values from cyclic voltammetry using nickel foam as 
substrate.  

Scan Rate Specific Capacitance (F/g) 

BLFO BLFSO1 BLFSO2 BLFSO3 BLSO 

10 mV/s 36.22 21.48 10.76 7.72 4.38 
20 mV/s 32.63 25.90 12.37 8.53 6.56 
30 mV/s 29.05 24.98 12.73 8.85 6.96 
40 mV/s 26.95 19.25 10.24 7.08 5.58 
50 mV/s 25.31 22.42 13.55 9.10 7.18 
60 mV/s 24.06 21.52 13.83 9.10 7.25 
70 mV/s 23.18 20.80 13.90 9.07 7.26 
80 mV/s 22.37 20.17 13.86 9.05 7.27 
90 mV/s 21.73 19.67 13.89 9.07 7.28  
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1.564 emu/g). The behaviour of the high field linear M–H curve is 
commonly observed in bulk BiFeO3 due to the antiferromagnetic 
arrangement of Fe3+ spins [48]. Hence, the weak ferromagnetic 
behaviour is due to the destruction of the spiral magnetic ordering [49]. 
Dopants play a major role in altering the magnetization because of the 
varied ionic radii of La3+, Bi3+ and Se4+ ions or due the magneto electric 
coupling. On the other hand, the Bi0.92La0.08Fe1− xSexO3 compounds 
showed a ferromagnetism enhancement of upto 3.26 emu/g (Table 6). 
The origin of weak ferromagnetism in the nanoparticles is possibly due 
to the canting of the spins mainly because of the fact that when particle 
size decreases, number of surface asymmetry atoms increases. Due to 
this, the angle of the helical ordered spin arrangement is changed and 
hence the net magnetic moment appears [50]. 

In addition to this, they also showed a small coercive field. The 
increased coercivity with increased doping concentration can also be 
related to the structural and morphological changes of the nanoparticles 
[51]. When selenium doping concentration becomes maximum, the 
ferromagnetic nature is changed to diamagnetic due to the absence of 
iron. It is regarded that these enhanced magnetic properties of Se doped 
BLFO nanostructures will enable them to have great practical applica
tions in magnetic data storage devices. 

4. Summary and conclusions 

In this study, the structure, morphology, optical dielectric and 
magnetic properties of La and Se co-doped BFO synthesized via the 
solvothermal method were systematically analysed. The composition of 
the samples were varied as Bi0.92La0.08Fe1− xSexO3, (x = 0%, 10%, 25%, 
50%, 100%). Structural and morphological investigations were done 
using XRD and SEM. The optical analysis showed a wide absorption 
spectra with reduced bandgap when compared to bulk BFO. Enhanced 
magnetic properties enabled these nanostructures as magnetic data 
storage devices. The dielectric constant and dielectric loss values were 
found to be decreased with increase in frequency that made the La, Se 
co-doped BFO nanostructures a potential candidate for energy storage 

applications. The specific capacitance was analysed using cyclic vol
tammetry for all the prepared samples and the maximum Specific 
capacitance of 36.2 F/g at 10 mV/s scan rate was observed for BLFO 
sample and 21.48 F/g was observed for BLFSO1 (x = 10%) which then 
decreased on further doping. But weak ferromagnetic properties of these 
materials holds hope to find applications in magnetic energy storage 
devices. Selenium doped samples were not much reported for energy 
storage applications. This present work outlines its performance in en
ergy storage applications. 
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