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Tuning of energy storage capacity of BiFeO; nanoparticles By La/Cr co-doping
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Cr-doped BiggLagFe;«CrO3 with x = 0, 0.05, 0.10, 0.15, and 0.20 is fabricated by the
sol-gel auto-combustion. The rhombohedral phase of pure and doped bismuth ferrite is
confirmed during structural analysis. The structural parameters are further refined using
X’pert High score plus by calculating the atomic positions and different profile factors
which assured the reliability of the structural data. As Cr content is increased, it results the
better crystallinity with uniform distribution of multi-shape grains. The size of grains
varied which affected the microstructural characteristics of the parent compositions. The
presence of constituent elements with a stoichiometric ratio is established by elemental
analysis which guarantees elemental purity of prepared samples. The introduction of La
followed by increasing contents of Cr in the parent composition improved the magnetic
response. Ferroelectric analysis revealed that both saturation and remanent polarizations
are increased with increasing doping levels. The calculation of recoverable and energy loss
density ensured that the parent composition was more suitable for the energy storage
devices. The multiferroic properties of synthesized samples are comprehensively explored
to evaluate the worth of these materials for futuristic energy storage and multistate
devices.
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1. Introduction

The materials having one or more basic ferroic orders in the single phase are called
multiferroic materials and these materials grabbed a huge interest of the scientific community due
to their multifunctional response to upcoming innovative devices. These materials include,
ferroelectric, ferromagnetic, ferroelastic, and ferrotoroidic which are considered as a building
block for next-generation smart, efficient, and sophisticated devices. Magnetoelectric materials are
a subclass of multiferroic materials that display ferroelectric and ferromagnetic behaviors
simultaneously and have the potential to revolutionize advanced multistate devices [1]. Since the
origin of ferroelectricity and ferromagnetism are exclusive, therefore their simultaneous
coexistence in a single phase is a miracle. Among different available materials where there is a
possibility of coexisting of mutually excluding phenomenon of ferroelectricity and
ferromagnetism, bismuth ferrite BiFO3; (BFO) is at the top of the list. It is the sole member of the
multiferroic family to date which exhibits magnetoelectric (ME) coupling above the room
temperature. Investigation of magnetic and ferroelectric features of BFO exposed G-type anti-
ferromagnetic character (AFM) with Neel temperature of 1103 K and inherent ferroelectric
character with a Curie temperature of 643 K. This big difference among magnetic and ferroelectric
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ordering temperatures is responsible for the weak linear ME coupling in BFO. Further, BFO
belongs to space group R3c with a spiral spin structure that rotates within the crystal covering a
distance equal to 62 nm which further decreases its magnetic behavior [2-4]. The space-modulated
spiral spin structure can be controlled by (i) making BFO thin films, (ii) replacing Bi in BFO with
rare earth elements or (iii) applying a strong magnetic field [S]. Therefore, there is an urgent need
to optimize both ferroelectric and magnetic phenomena to make BFO feasible for ME devices.
Researchers across the globe always tried to develop low-cost, time-efficient, sophisticated devices
with low energy consumption and BFO with multiferroic response that meet all these salient
features and therefore have the potential for technologically innovative devices.

So far, BFO is not commercialization owing to the weak magnetoelectric coupling
therefore untired efforts have been devoted by researchers to enhance the ME coupling and reduce
derivatives by the controlled tuning of microstructures through suitable single and co-doping in
BFO. For example, Atiq et al. 2019 [6] investigated the magnetoelectric response of La-substituted
BiFeOs and proposed that these materials are suitable for spintronic-based sensing and data-storing
devices. Verma devoted a full chapter to the synthesis and multiferroic characteristics of BiFeOs;
and covered various approaches required to enhance the magnetoelectricity in BiFeOs; to make
them feasible for data storage devices [7]. Khan et al. evaluated the effect of the substitution of Mn
in BiFeOs on the magneto-resistive response of these compositions and their role in low-field
sensors [8]. Bousquet and Cano working jointly realized that non-linear magnetic ordering in
perovskites is linked with their multiferroicity [9]. In addition, Amirov et al. [5] noticed that
La/Nd co-doping improved magnetic and electromagnetic interaction in BFO bulk ceramics.
Furthermore, La substitution stabilized the rhombohedral phase of BFO, reduced oxygen
vacancies, and abated leakage current which are the main issues to be addressed before its
commercialization. Likewise, Baettig and Spaldin mentioned that the substitution of Fe** in BFO
at Fe®" sites results in an improvement in the magnetism of BFO which is credited to the robust
super-exchange interaction between Fe’* and Cr’" ions [10]. Similarly, the substitution of Cr in
BFO on the morphology, dielectric, magnetic, and leakage current has been comprehensively
studied by Murari et al. [11]. This comprehensive literature review motivated us enough to explore
the morphological, ferroelectric, and magnetic behavior of BiFeOs; modulated by La and Cr co-
doping. We believe that this work would be interesting and provide a better insight into the
doping-driven multifunctional response of BiFeOs. The next work in this communication has been
summarized as follows; experimental details are given in section 2; the results and discussion have
been done in section 3 while the conclusion is described in section 4.

2. Experimental details

Sol-gel auto-combustion is one of the facile chemical routes that is extensively being used
to synthesize a variety of chemical compounds at the lab scale because of its cost-effectiveness and
time-efficient features. In addition, it does not require any sophisticated instrument to execute the
process. In the current study, we fabricated the La and Cr co-doped BFO nanoparticles with the
formula BiggLag Fe;«CrkOs (x =0, 0.05, 0.10, 0.15, and 0.20) and for this synthesis the analytical
graded bismuth nitrate pentahydrate [Bi (NO3),.5H,O, Sigma Aldrich 99.9%], iron nitrate
nonahydrate [Fe(NO3)3.9H,0, Sigma Aldrich 99.9%], lanthanum nitrate [La(NO3)3, Merc 99.9%]
and Chromium nitrate [Cr(NO3)3, Merc 99.9%] were utilized as precursors. To assist self-ignition
and to accelerate the combustion process, the chelating agent’s urea and glycine were used to get
purified output. The stoichiometric amounts of all precursors were calculated and dissolved
deionized (DI) water because bismuth nitrate is easily soluble thus dissolution of Bi(NO3),.5H,O
was assisted with 3M HNOj solution. The solution of Bi(NO3),.5H,O was heated and stirred with
a dropwise addition of HNO; solution until the milky solution became transparent. Then
precursors and chelating agent’s solutions were decanted into a beaker and that beaker was placed
on the hot plate at 110 °C with nonstop stirring with the help of a stirrer. The constant stirring and
heating turned the solution into a dark viscous dense gel form. At this stage, the temperature was
immediately augmented to 350 °C. This considerable temperature was enough to trigger the
chelating agents to catch fire causing auto-combustion. Due to the auto-combustion, the
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temperature inside the beaker suddenly raised to promote the exotic exothermic reaction and
liberated several gases. After combustion, the residual was ground using mortar and pestle
followed by calcination at 550°C for 3 h. The detail of the synthesis summary is provided in
Figure 1. All the samples were synthesized using the same methodology. The final powder form
was used to make pellets of thickness 1-1.1 mm and diameter 10 mm. Finally, samples were
sintered for 1h at 400°C to eliminate the residual gases.
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Fig. 1. Stepwise synthesis summary of the prepared samples.

The phase purity and crystalline nature were analyzed by X-ray diffractometer of Rigaku
D/MAXIIA, whereas surface morphology and elemental purity were judged by Nova-Nano SEM
450. An energy-dispersive X-ray spectroscope was used to ensure the formation of exact
composition in accordance with the stochiometric formula. To explore the ferroelectric behavior, a
precision multiferroic tester was used whereas magnetic investigations were carried out by
Lakeshore 7404 vibrating sample magnetometer (VSM).

3. Results and discussion

3.1. Structural and phase analysis

To analyze the crystal structure of BFO NPs, data obtained from an X-ray diffractometer
was refined using X'pert HighScore Plus [12]. X'pert HighScore Plus is one of the reliable
software that is utilized for the analysis of crystal structure. To refine the crystal structure of any
composition, first of all, its diffracted data is uploaded into the software. Then, the crystallographic
information file (CIF) of the same composition as a standard file is uploaded with the required
space group. After that, these two files are matched to evaluate the credibility of newly synthesized
samples. The Rietveld refined XRD graphs of undoped and doped BFO compositions are
presented in Figure 2. These Figures contain the experimental data, standard data, and difference
plots. The crystallographic information file (CIF) # 1001090 was used in the present case as a
standard data file. These graphs exhibited that neither pure nor doped BFO contained any
secondary phase and thus confirmed the formation of impurity-free BFO with space group R3c.
This software quantifies the matching between given and standard data in terms of residual factors
termed profile factor (R;), weighted profile factor (Rwp), and expected profile factor (Rexp). These
parameters help to determine the goodness of fit (GoF) which is the ultimate parameter to
determine the credibility of the material. The measured values of all these profile factors in
addition to lattice parameters are listed in Table 1. The ionic radii of Fe*" and Cr’" are 0.645 and
0.615A, therefore, this substitution leads to unit cell shrinkage due to which unit cell volume is
decreased. It is evident from these figures that both a and ¢ decreased such that c/a remains almost
constant which established the successful replacement of La at Bi and Cr at Fe site in the BFO [3].
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The density calculation revealed that BiogLao.1Feo.s0Cro2003 composition has the highest density.
The crystallite size was measured by the Scherrer formula which increased with increasing Cr
contents up to 0.15 and decreased when Cr is further increased to 0.20.
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Fig. 2. Rietveld refined X-ray diffraction patterns of La/Cr co-doped BiFeO3 and rhombohedral
unit cell of pure BiFeOs.

Owing to the strong dependence of the ferroelectric behavior of BFO with the tilting of the
octahedron, the bond length and bond angles were also recorded during refinement which are
presented in Table 2. BFO crystal structure contains an oxygen octahedra (FeOs) network in which
Fe’" ions lie at octahedral voids with three short degenerate and three long degenerate bond
lengths. The incorporation of 10% La at Bi-site results in the deformation of bond angle and bond
length of FeOs octahedra. This modification in structural parameters is thermodynamically
favorable which lowers the energy of the system. This lower energy makes the system more stable.
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The doping of La*" with ionic radius 1.16A at the place of Bi** with ionic radius 1.17A brings the
change in crystal structure in several ways it reduces long-range ferroelectric ordering persists due
to lone pair of Bi and reduces the distance between cations of octahedron [13, 14]. This kind of
structural modification can significantly affect the ferroelectric as well as magnetic response of the
material.

Table 1. Rietveld’s refined structural parameters of BipoLay Fe;«CrOz (x =0, 0.05, 0.10, 0.15 & 0.20).

Parameters x=0.00 x =0.05 x=0.10 x =0.15 x =0.20
a=b(A) 5.58 5.55 5.51 5.49 5.45
c(A) 13.86 13.79 13.76 13.71 13.67
D (nm) 17.9 27.3 33.5 373 25.7
p (g/cm?®) 8.40 8.43 8.43 8.45 8.49
R, 9.15 11.45 26.51 15.65 16.04
Rup 10.245 13.542 29.57 17.658 18.65
Dytats 0.12 0.08 0.009 0.16 0.19
GoF 1.59 1.61 3.31 2.11 2.34

Table 2. Bond type and length for BiggLag 1Fe;CrO3 (x = 0, 0.05, 0.10, 0.15 & 0.20).

Composition Bond Type Bond length (A)

x =0.00 Bi/Lal - O1 2.33
Bi/La - Fe 3.05

Fe-0Ol1 1.94

x =0.05 Bi/La- Fe/Cr 3.03
Bi/La-O 2.29

Fe/Cr-0O 1.93

x=0.10 Bi/La- Fe/Cr 3.04
Bi/La—0O 3.19

Fe/Cr-0O 1.93

x=0.15 Bi/La —Fe/Cr 3.05
Bi/La— O 2.30

Fe/Cr-0O 1.93

x=0.20 Bi/La — Fe/Cr 3.31
Bi/La— O 2.31

Fe/Cr-0O 1.93

3.2. Morphological and microstructural analysis

The microstructure of the material substantially influences the material's characteristics.
The microstructure analysis of a material involves the measurement of grains and grain
boundaries, identification of voids and surface defects, and estimation of the porosity of the
material as well. To study the microstructure of the material, the FESEM image of
BipoLao1FeosCro20s3 is presented in Figure 3 at 100,000%. The FESEM images of the rest of the
samples can be found in our previous work [15]. From these images, it is easy to find a relation
between grain size and La/Cr doping. The FESEM image for x = 0.2, shows a uniformly dispersed
microstructure with a slight variation in size. The porosity of samples increased with increasing
doping contents which affected the properties of the material significantly. The shrinkage of the
size of grains with increasing substitution contents might be ascribed to the decreasing oxygen
vacancies that suppress electronic transportation [15-18]. Java-based Imagel software assisted in
measuring grain size which lies in the 8-30 nm range. The presence of holes and voids on the
surface is ascribed to the escape of gasses in the sintering process [19]. A little deformation seen
on the grain boundaries of all the compositions may be the result of the grinding of powders
during the synthesis process of the ceramics [15].
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Fig. 3. SEM images of La/Cr co-doped BiFeO3 samples at 100,000 x

3.3. Compositional elemental analysis

To detect and quantify different elements present in the composition, EDX analysis is
usually employed. Figure 4 shows the EDX spectrum of BigglLag.1Feo30Cro2003 assured Bi, La, Fe,
Cr, and O existence according to the empirical formula. Since no impurity element is detected in
this spectrum, therefore, we can claim that this is an appropriate method to manufacture
contamination-free BFO nanoparticles. The atomic and weight percentages of all elements
provided by the machine are present in Table 3 which are quite consistent with the empirical
formula of these compositions.



Fig. 4. Energy dispersive X-ray spectra of La/Cr co-doped BiFeO3 samples.

Table 3. Quantitative analysis of each element present in BLFCO samples.

LBFCO1

LBFCO3

LBFCO5

LBFCO2

LBFCO4

657

Elements BLFCO1 BLFCO2 BLFCO3 BLFCO4 BLFCO5

wt% at% wt% at% wt% at% wt% at% wt% at%

C 0.8.34 2.58 6.05 1.69 5.02 1.67 5.23 1.72 5.35 1.73

O 18.94 14.06 16.07 11.23 2598 | 27.17 18.29 14.96 16.35 12.96

Cr - - 0.81 0.79 2.14 2.54 2.15 2.42 3 3.33

Fe 14.95 16.29 17.2 17.72 | 24.77 | 29.39 13.78 16.32 12.49 14.61

La 3.78 3.77 3.94 3.7 7.06 8.23 4.16 4.49 4.76 5.07
Bi 53.99 58.68 55.93 56.75 35.02 | 40.07 | 56.39 | 66.43 58.05 67.63
Total 100 100 100 100 100 100 100 100 100 100
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3.4. Magnetic analysis

A vibrating sample magnetometer (VSM) was utilized to analyze the magnetic response of
these materials and magnetization against magnetic field (M-H) loops of La and Cr co-doped BFO
are presented in Figure 5 in the magnetic field range + 10000 Oe. These loops are quite identical to
previously reported results [2, 20, 21], where we can see that magnetization improved with the
upsurge of the magnetic field and exhibited the typical anti-ferromagnetic loops. The shape of the
MH loop plays a deterministic role regarding the microstructure of the magnetic material which is
quantified by the squareness. The squareness ratio (M,/Ms) is a key term that can be used to
distinguish the single domain and multidomain particles [22]. Mostafavi and Ataie [23] stated that
for single-grain domains the value of M/Ms > 0.5 whereas for multidomain grains M/M; <0.5.
The measured values of all the magnetic parameters are provided in Table 4. Since M/M; value
for all the samples is less than 0.5 it indicates the polycrystalline nature of these materials. The
value of magnetization depends upon Cr contents in BiggLao 1Fe;.«CrxO3 as can be seen in Table 4.
The incorporation of Cr at Fe sites significantly enhanced both Ms and M; up to Cr = 0.15. The
values of these magnetic parameters (M; and M) were decreased when the value of Cr was
increased to 0.20. This kind of anomaly in magnetic behavior has been stated in the previous
literature [2, 24-26]. These anomalies are credited to the pinning effects that arise from the random
dispersal of O vacancies on domain walls [27, 28]. Bhushan et al. [29] prepared a series of Ce
substituted BFO and observed that the value of M; increased up to 3% doping of Ce and when this
doping concentration was increased to 5%, the value of M decreased. A similar behavior was also
recorded by Wang et al. [25] when they doped Cr in BFO. In addition, Hu et al. [2] studied LaFe;.
xCrx03 (0 <x < 1) system and noticed that Mg and M, first increased up to 0.5 and then decreased.
Based on these observations, it is perceived that microstructures beyond a particular doping level
limit the material's ability to work properly. Several reports are available where the magnetization
monotonically increases with increasing contents of Cr [25, 30-35]. Since BFO is very unstable
therefore it usually undergoes a structural transformation to different secondary phases like
BixFesO9, BixsFeO4o, BizsFe240s7, and Fe;O3 and this transformation can significantly contribute
magnetic character of material because the secondary phase above mentioned exhibits the
magnetic behavior [12, 36, 37]. In the section of Rietveld's refinement, it has been observed that
there is no impurity in fabricated samples thus role of secondary phases in magnet behavior is
negligibly small. Zhang et al. [38] discovered that La substitution in BFO is one of the main
causes of nonlinear behavior in the MH loop. Cheng et al. [24] described that doping of La at Bi
site up to 10% did not influence its magnetic character significantly. In this study, we doped 10%
Bi with La and observed a minute variation in the magnetic behavior of BFO, however, when Cr
was introduced and its concentration was increased, it substantially modified the magnetic
response of the material. These results can be understood based on the connection of the anti-
ferromagnetic planes of Fe with the ferromagnetic planes of Cr. The individual magnetic moments
of Cr and Fe when combined give rise to the magnetic moment of 2ug per Fe-Cr pair due to the
high super-exchange interaction which ultimately increases the magnetic response of the material
[39]. This increase in magnetic behavior is also associated with the size of NPs. When the size of
NPs decreases from 62nm, the G-type helical spin structure is disrupted because there is a helical
symmetry of periodicity 62 nm. It converts the helical arrangement of magnetic moments to a
straight geometry and thus increases the magnetization. [4, 40-44]. In the present study, particle
size lies in the 8-20 nm range as depicted from the FESEM images [15] so it is assisted that the
improved magnetic behavior of the present series of samples is due to grain size reduction with
increasing doping level of Cr in BFO. This reduction in the grain size yields a high surface-to-
volume ratio and presents a wide platform for uncompensated spins at the surface which contribute
to high magnetization. With the decrease in grain size, the number of uncompensated spins
increases [45]. Since placement of Cr at the Fe site in BFO breaks the canted spiral spin structure
of BFO which is another possible reason for the increase in magnetization. As depicted in the
structural study, the increasing Cr concentration in BFO reduced the lattice constants "a" and "c"
which resulted in the collapsing and breaking of the canted spin structure of BFO giving an
upsurge to magnetization [46]. The titling of FeOs octahedron causes the change in bond angle and
bond length which is responsible for the active magnetic behavior of these materials [47, 48]. The
underlying mechanism behind this response is the "Dzyaloshinsky-Moriya interaction". The
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doping of Cr ions in place of Fe ions tailors the crystal structure of BFO that can change the Fe-O-
Fe bond angle and intrinsic spin order which results in a homogeneous canted structure from the
spatially modulated crystal structure and improves the magnetic response [33].
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Fig. 5. Magnetization against magnetic field hysteresis loops for La/Cr co-doped BiFeO3,

Table 4. Computed magnetic parameters for BipoSro 1Fe;CrO3 (x = 0, 0.05, 0.10, 0.15 & 0.20).

Sample (Ho) (M) (M) (M/Ms)

Composition (G) (emu/g) (emu/g)

Lay.iBip.oFeOs 1.0265 4.843 x 1073 106.30 x 10 0.022
LaoAlBi0A9F60_95Cr0,0503 496.99 49817 x 10'3 1.0170 x 10'3 0.20
LaoAlBioAgFeo_goCr0,1003 366.83 7.0077 x 10'3 1.4509 x 10'3 0.21
LaoAlBi0A9F60_85Cr0,1503 136.84 32.798 x 10'3 49142 x 10'3 0.15
Lao.1Bio.oFeo.30Cr0.2003 114.48 4.6857 x 1073 579.32 x 10°® 0.12
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3.5. Ferroelectric analysis

The analysis of PE loops is a typical approach to investigating the ferroelectric response of
a material. The PE loops of all compositions are presented in Figure 6. These loops are unsaturated
as well as broken along the negative polarization axis and matched well with the previous results
[4, 48-50]. Tang et al. [49] asserted that high leakage current density is the basic reason behind
these broken and unsaturated loops due to electrical breakdown at higher voltage. Similarly,
Mukherjee et al. [51], described that it is challenging to achieve saturated PE loops of BFO like
real ferroelectric material due to the high leakage current exhibited by this ceramic due to its high
conductivity and low resistive behavior. This leakage of BFO is one of its notable drawbacks
which impede its commercialization. Many authors in the field believe that the realization of PE
loops like other true ferroelectric materials is difficult for BFO owing to high leakage current
density [4, 52, 53].

80 LBFcO1 80 LBFCO2
S
SR > S ° >
=
E z
R~-40; A -40 4
=80 1 . .80
-6 -3 0 3 6. -6 -4 2 0 2 4 6
E (kV/em) E (kv/cm)
80 [BFco3 80 [LBFco4
& &
E 40' E 40'
cHl | s
Lj). ! %_ 7
S’ e’
A.-40 | A-40-
-80+ -80+
6 4 2 0 2 4 & 6 -4 2 0 2 4 &6
E (kV/cm) E (kV/em)
601 [LBFCO5
< 404
g 204
o
—
a.-20 /
-40 4
604

6 -4 2 0 2 4 &
E (kV/cm)

Fig. 6. Polarization versus electric field loops of La/Cr co-doped BiFeOs.
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The observed partial saturated PE loops exhibit the ferroelectric and conducting (leaky)
behavior of the synthesized compositions. For x =0.20, the PE loop is round and reveals the
leakiest behavior among all the samples. For this sample, the maximum value of polarization was
noticed as 5.90 x 10 C/cm? at 1.75kV/cm which decreased with further rise in strength of the
applied electric field. The starting of the leakage current before the full switching of the electric
field is the reason behind this incomplete saturation of polarization [24]. The same results have
also been reported in the literature [52, 53]. The roundedness of these PE loops is ascribed to a
large leakage current which arises from a number of factors including, low crystallinity, low
thickness, imperfections, high absorbency, grain size effect, and cation or anion vacancies [4, 37,
48, 49, 53-56]. Dho et al. [57], suggested that the presence of impurity energy levels inside the
bandgap of BFO provides a pathway for electronic transition which causes the leakage current in
BFO. Some researchers believe that oxygen vacancies are more crucial than Fe*' ions for
controlling the leakage current due to which the breakdown voltage is lowered [58, 59]. The
excess leakage current may damage the device due to overheating. The ferroelectric behavior is
improved with La and Cr doping because loops became slim and smart and measured standards of
maximum polarization (Pum), remnant polarization (Pr), and coercive field (Ec) are provided in
Table 5 and are plotted in Figure 7(a). The highest value of Pr for x = 0.20 (densest composition
with density 8.49 g/cm?) is noticed as 5.50 x 10 C/cm?, which is 24 times higher than the parent
composition. The leaky nature of BFO-based ceramics can be minimized by increasing their
density. It is asserted that the research community should adopt different approaches to synthesize
single crystal and denser microstructures of these materials to improve their ferroelectric behavior
[37, 49]. Kumar et al. [60] prepared BFO microstructures without secondary phases but saturated
P-E hysteresis loops were not observed because of the conducting character and small density of
the synthesized samples. An unsaturated and broken P-E loop was exhibited by a less dense BFO
composition while a saturated P-E loop was displayed by a denser microstructure of the same
material [61].
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storage efficiency of La/Cr co-doped BiFeOs.
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Table 5. Computed P, E. and P, for BigoLay Fe;.Cr.Osz (x =0, 0.05, 0.10, 0.15 & 0.20).

Sample Puax (nC/cm?) E. (volt) P, (nC/cm?)
Composition
LaoA1BioA9F603 6.80 x 10'5 1.45 231 % 10'5
Lay.1Big.oFe.95Cro.0s03 7.01 x 1073 1.52 2.42 x 107
Lay.1Big.oFeo.90Cro.1003 8.47 x 107 1.84 3.64 x 107
Lag.1Big.oFeo s5Cro. 1503 8.55 x 107 1.97 4.01 x 107
Lay.1Big.oFeo s0Cro2003 5.90 x 10 4.09 5.50 x 10

The charge storage capability of a material decreases due to a decrease in permittivity
because of high porosity and so higher density increases the permittivity of the material
consequently upsurging its ferroelectric response [4, 61]. The conclusion to minimize the leakage
problems associated with BFO-based ceramics is to produce denser and phase-pure
microstructures. The reason for this improved ferroelectric behavior is the larger number of
electric dipoles per unit volume (polarization) in a denser medium as compared to a porous one.
Further, the replacement of La at Bi and Cr at Fe site decreases O vacancy concentration which
reduces leakage current density due to refinement in domain pinning effects and upgrades the
polarization [3, 4, 48, 51]. Ferroelectricity in BFO differs from other perovskite material in the
sense that a lone pair of electrons interact with p electrons of oxygen causing off-centering
displacement within the cationic environment which results in the formation of the localized lobe.
This structural modification can also originate the ferroelectricity in BFO [4, 24, 53, 62]. From the
calculated Pm, Pr, and Ec values, the recoverable energy density and energy loss density were
calculated and presented in Figure 7(b). These calculations lead to the computation of energy
storage efficiency of these materials which is plotted against composition in Figure 7(c). It has
been observed that though incorporation of La and Cr stabilized and crystal structure, reduced
oxygen vacancy and leakage current but suppressed the energy storage efficiency of the material
as well.

4. Conclusion

Here we synthesized Lao1BigoFe1xCriOs (x = 0, 0.05, 0.10, 0.15, and 0.20) NPs utilizing
the well-known and economical sol-gel auto-combustion approach to analyze its structural,
magnetic and ferroelectric response. The incorporation of La and Cr did not affect the crystal
symmetry of the parent composition however, lattice parameters were reduced depending on the
relative ionic radius of the host and dopant. The calculation values of different profile factors from
Rietveld’s refinement assured the credibility of the developed crystal structure. The maximum
value of Mr was noticed as 4.9142 x107 emu/g for LagBio9FeossCro 1503 which was 47 times
higher than the parent composition. The ferroelectric analysis revealed and significant
improvement and Lag 1BiooFeos0Cro200; exhibited the Pg is 5.50 x 10 uC/cm? which is 24 times
higher than the first composition. It is claimed that altering a material's microstructure beyond a
specific doping limit will reduce its performance. Therefore, this co-doping approach is believed to
pave the path for BFO-based compositions for futuristic technological devices.
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