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switching charge and recoverable
energy density mediated by structural
transformation in Sr-substituted BaNiO3

perovskites

Rana Muhammad Ahmad Khan Manj, a Shahid M. Ramay,b M. A. Shar,c

Shahzad Naseema and Shahid Atiq *a

Because of their distinctive characteristics, ferroelectric perovskites are considered among the most potent

and auspicious candidates for energy storage and pulsed power devices. But their energy storage properties

and switching capabilities need to be further enhanced which can be done by substitutions of appropriate

cations. Hence, a series of lead-free Ba1−xSrxNiO3 (x = 0.00, 0.33, 0.67, and 1.00) ceramics was fabricated

using a sol–gel auto combustion technique. Rietveld's refinement of X-ray diffraction plots verified the

complete development of the required hexagonal perovskite structure. Scanning electron microscopy

images revealed a gradual increase in average grain sizes and agglomeration with the increase in Sr-

content. Moreover, the existence of all the constituent elements exactly in proportion to their

stoichiometric ratios was verified by energy dispersive X-ray spectroscopy. The characteristic parameters

of ferroelectric materials such as ferroelectric response, electrical conductivity, and switching charge

density were also determined. The P–E loops indicated that with the increase in Sr-content, the coercive

field, remanent polarization, and maximum polarization all decreased gradually, but the recoverable

energy density (Wrec) increased as the loops became slimmer. The maximum value of Wrec was found in

the Ba0.33Sr0.67NiO3 sample. Moreover, SrNiO3 exhibited minimum energy loss with the highest

efficiency of ∼47.21%. The existence of a current barrier in all the samples was proved from the low

leakage current values (∼10−7 A). In addition, the pure SrNiO3 showed a low electrical conductivity and

minimum value of switching charge density. All these findings make SrNiO3 a promising candidate for

fast switching and energy storage applications.
1. Introduction

With the exponential growth of the human population and
rapid industrialization in the past few decades, environmental
pollution and energy crises have become two major problems
that humanity has ever faced.1 Non-renewability of fossil fuels
and the adverse environmental effects of their use have
encouraged researchers to explore new renewable, cost-
effective, and eco-friendly energy resources such as
geothermal, wind, and solar energy, but the high intermittence
of these resources has created a huge need for reliable and
efficient energy storage equipment.2–4 In comparison with
batteries, electrochemical capacitors, and fuel cells, over time,
dielectric capacitors have gained a lot of attention because of
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their ultrahigh power density, superior temperature stability,
faster charging/discharging speeds, and longer service life.
Thus, they are extensively used for pulsed power applications in
hybrid electric vehicles, high-power weapon systems, particle
accelerators, space technology, and power transmission
systems.5,6 Even though over 25% of the volume of pulsed power
systems accounts for dielectric capacitors, these applications
are severely impeded due to their lower energy storage density
(WT) and lower energy efficiency (h) of the dielectric materials
that currently exist.7–9 Hence, it is imperative to design and
develop such dielectric materials that enhance the strength,
energy storage properties and switching capabilities of dielec-
tric capacitors.

Presently, ceramics and polymers are two key materials used
for developing dielectrics. Polymer-based dielectrics generally
exhibit large recoverable energy density (Wrec) and high dielec-
tric breakdown strength (Eb), but low energy efficiency and
temperature instability hold them back in many applica-
tions.10,11 On the other hand, a higher dielectric constant,
superior energy storage efficiency, better mechanical properties,
RSC Adv., 2024, 14, 15791–15803 | 15791
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and exceptional temperature stability of ceramic-based dielec-
trics make them more suitable for use as dielectric
capacitors.12–14 Among the ceramic dielectrics, lead-based anti-
ferroelectric and relaxor ferroelectric materials such as
(Pb,La)(Zr,Ti)O3 and (Pb,La)(Zr,Sn,Ti)O3 have captured quite
a bit of attention in the past decades, because of their high
maximum polarization (Pmax), low remanent polarization (Pr)
and moderate Eb which led them to have large Wrec and high
h.15–18 However, considering the high toxicity of Pb and its
adverse effects on the global environment and human health,
researchers are now motivated to replace lead-based ceramics
with new energy storage materials. Thus, lead-free ferroelectric
ceramics have recently been proven to be eco-friendly energy
storage materials.19–23 Among them, those materials that have
perovskite structures are regarded as highly promising candi-
dates for energy storage and switching capabilities.24

Perovskite oxides have the general formula ABO3, where
mono, di, or tri-valent cations of alkali or alkaline earth metals
occupy the A-sites whereas tetra, penta or hexavalent cations of
transition metals occupy the B-sites.25,26 A perfect crystalline
unit cell of perovskite has cubic symmetry with a pm�3m space
group where each B-site cation is coordinated by six oxygen
anions in a BO3 octahedron framework, and each A-site cation
reclined in the 12-fold coordinated site in between the octa-
hedra.27,28 The reason behind the ferroelectricity in these oxides
is the creation of an electric dipole because of the displacement
of the B-site cation from the centre of symmetry in the 001, 110
or 111 directions, leading towards the tetragonal, ortho-
rhombic, or rhombohedral structures, respectively, under the
Curie temperature.29 Exceptional structural stability under the
prospect of adaptation of different compositions by changing
different cations, either on the A-site or on the B-site, is the key
reason for the characteristic excellence of these materials.30

Several ferroelectric perovskites such as BaSnO3, (Na,Bi)TiO3,
Ba(Zr,Ti)O3 and (Ba,Sr)TiO3 have been reported to have good
energy storage characteristics.1,18,22,25

Recently, many researchers have been studying the energy
storage capabilities of the ferroelectric perovskites. For
example, Zhang et al. investigated the improved energy density
and higher efficiency in Bi0.5Na0.5TiO3 (BNT) under a low elec-
tric eld.31 Furthermore, Yu et al. studied the BaZrO3

substituted BNT-based ceramic where the Ba2+ substitution on
the Na+ site caused a decrease in grain size and Pr, while
enhancing the breakdown strength together with the higher
temperature stability.18 In another paper, Huang et al. reported
a nearly linear P–E behavior in Ba0.4Sr0.6TiO3 ceramic fabricated
by a cost-effective sol–gel route which resulted in an enhanced
Eb and Wrec together with an ultrahigh efficiency.32 Similarly,
Khalil and Wahba addressed the enhancements in structural
stability and dielectric properties in Sr-substituted LaNiO3.33

Moreover, Hasan et al. used a theoretical approach to describe
the structural stability and electronic behavior in SrNiO3.34 But
apart from these, switching charge density is also one of the key
gures of merit for dielectric materials. Hence, Mahmoud and
Parashar investigated the decrease in leakage current and
switching charge density in (Ba1−xCax)TiO3 ceramic using
a positive-up-negative-down (PUND) analysis.35 Thus, these
15792 | RSC Adv., 2024, 14, 15791–15803
contemporary efforts have motivated us to investigate the
tunability in structural and morphological properties, ferro-
electric behavior, and fast switching capabilities in Sr-
substituted BaNiO3 which is the main focus of this work.
2. Experimental
2.1. Sample synthesis

A sol–gel auto combustion route was employed for the fabrica-
tion of eco-friendly Ba1−xSrxNiO3 (x = 0.00, 0.33, 0.67, and 1.00)
ceramics. In the preparation, metal nitrates such as Sr(NO3)2
($98.0%), Ba(NO3)2 ($98.0%) and Ni(NO3)2$6H2O ($98.0%),
were procured from Sigma-Aldrich, utilized as precursors,
whereas glycine [NH2CH2COOH] and urea [CO(NH2)2] of
analytical grade, were purchased from Riedel-de Haën and
Honeywell, respectively, and were used as the fuel. Aer stoi-
chiometric calculations, the aqueous solutions of each material
were prepared separately by dissolving the estimated quantities
in deionized water, and the metal-to-fuel ratios were kept at 2 :
3. Furthermore, these separate solutions were fused in a larger
beaker and a magnetic stirrer was placed in it. Then, the beaker
was put on a hot plate at a temperature of 90 °C and le stirring
at 250 rpm. Aer approximately 2 h, it was observed that a thick
solution (gel) had been formed which impeded the motion of
the magnetic stirrer. At that moment, the stirrer was removed
from the beaker and the temperature was raised gradually up to
190 °C for the removal of moisture and residual gasses which
turned the gel into a thick paste. Next, the temperature was
steadily increased further, and at 270 °C a vigorous exothermic
reaction took place which turned the paste into an ash-like dark
and uffy powder. Aer cooling, these ashes were converted
into a homogeneous powder by grinding in agate mortar and
pestle. Then, for the development of the proper phase, the ne
powder was calcined in a box furnace at 850 °C for 3 h. Finally,
pellets of approximately 1 mm thickness and 7 mm diameter
were made from the calcined powder by exerting a 30 kN
compressive force in a Apex hydraulic press (Specac, UK). A
schematic demonstration of the complete fabrication process is
shown in Fig. 1.
2.2. Characterization

Structural analysis of all the fabricated samples was accom-
plished using a D8 ADVANCE X-ray diffractometer (Bruker). A
Nova NanoSEM 450 (FEI) was employed for morphological
examination by eld emission scanning electron microscopy
(FESEM). To conrm the elemental conguration energy
dispersive X-ray spectroscopy (EDX) was used. The ferroelectric
study of samples was conducted using a precision multiferroic
analyzer (Radiant-Technologies Inc., Albuquerque, NM, USA).
3. Results and discussion
3.1. Phase and structural studies

Fig. 2(a) shows the X-ray diffraction (XRD) patterns of Ba1−x-
SrxNiO3 (x = 0.00, 0.33, 0.67, and 1.00) ceramic samples where
the intensity peaks were obtained by applying CuKa radiation (l
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic profile of sample preparation.
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= 1.5406 Å) and the peaks were plotted against 2q values
ranging from 15° to 75°. Indexing of these patterns was done by
the analytical procedure described by Cullity.36 The XRD peaks
for the pure BaNiO3 (BN) sample at 2q values of 18.32°, 26.02°,
31.78°, 37.78°, 41.48°, 49.78°, 53.22°, 56.74°, 60.78°, 63.58°,
66.52°, 70.24°, 72.56° were indexed as (100), (101), (110), (002),
(201), (112), (211), (300), (103), (212), (220), (203), (311),
respectively, and for the pure SrNiO3 (SN) sample, the peaks at
2q values of 19.10°, 26.54°, 33.36°, 36.98°, 41.82°, 43.20°, 54.56°,
55.78°, 59.76°, 65.62°, 70.28° were indexed as (100), (101), (110),
(002), (102), (201), (202), (211), (300), (212), (220), respectively.

For all the peaks of the BN and SN samples, hkl values were
perfectly matched with the ICSD cards #00-029-0196 and 00-025-
0904, respectively, which conrmed that the pure phase
hexagonal perovskite structure with a space group of P63/mmc
had a space group of # 194 for both the crystals as shown in
Fig. 2 (a) Indexed XRD patterns of the Ba1−xSrxNiO3 samples with x = 0
angles, (c) crystal structure of BaNiO3 and SrNiO3, and (d)–(g) Rietveld's
0.67, and 1.00.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 2(c). A similar hexagonal perovskite structure was seen in
both the intermediate compositions (BSN-1 and BSN-2 for x =

0.33 and 0.67, respectively). However, some low-intensity
diffraction peaks, represented by the club symbol ()), also
appeared in the intermediate compositions which indicated
a minimal secondary phase of SrO that is also detected in other
such materials.37 In Fig. 2(b), a ne scan of the XRD patterns in
the range from 23° to 30° of 2q values shows that the (101) peak
shis towards the larger angle as the Sr-contents increase. This
shi predicts the decrease in lattice parameters as of the inverse
relationship between the lattice constants and the diffraction
angle (2q).36

The XRD patterns of the Ba1−xSrxNiO3 samples were further
analyzed using Rietveld's renement to obtain precise and
quantitative phase analysis. The renement was conducted
using the X'pert HighScore Plus program using crystallographic
.00, 0.33, 0.67, and 1.00, (b) shifting of the (101) peak towards higher
refined XRD patterns of the Ba1−xSrxNiO3 samples with x = 0.00, 0.33,

RSC Adv., 2024, 14, 15791–15803 | 15793

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01439a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
2:

12
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
information les (CIF) and the resulting patterns are shown in
Fig. 2(d)–(g). It was noticed that all the observed and calculated
XRD patterns were well matched and no considerable distortion
has been seen in any pattern. The difference plots of the
calculated and observed patterns are also shown by the orange
lines in Fig. 2(d)–(g), where the minute difference in the
intensities might be because of minor defects such as oxygen
vacancies in the samples. Moreover, as stated earlier, a minimal
secondary phase can also be observed from the peaks at the 2q
value of 33.36° in the difference plots of the BSN-1 and BSN-2
samples. In addition, to check the structural reliability,
different structural rened parameters (R-factors), specically,
weighted prole (Rwp), expected weighted prole (Rexp), and
prole (Rp) were also calculated using the following
relationships:

Rwp ¼

2
64
P
i

wiðIic � IioÞ2
P
i

wiðIioÞ2

3
75

1=2

(1)

Rexp ¼

2
64 N � PP

i

wiðIioÞ2

3
75

1=2

(2)

Rp ¼
P
i

jIio � IicjP
i

jIioj (3)

where wi is the weight factor, Iio and Iic represent the observed
and calculated intensities at ith point of the diffraction prole,
respectively, N is the number of experimentally observed points
and P shows the tting parameters.38 From the values of Rwp and
Rexp, the goodness of t (c

2) parameter was calculated using eqn
(4):39

c2 ¼ Rwp

Rexp

(4)

Table 1 gives the calculated values of Rexp, Rwp, Rp and c2 for
all the samples, where the low values of c2 are evidence of the
development of the requisite crystalline phase in all the
samples.

Moreover, from the XRD data, lattice constants ‘a’ and ‘c’,
were calculated for all the samples. For the pure BN sample, the
values were found to be 5.6247 Å and 4.8203 Å, respectively.
With the increase in the substitution contents, lattice constant
‘a’ decreased in the intermediate samples, BSN-1 and BSN-2,
Table 1 Data obtained from Rietveld's refinement of the Ba1−xSrxNiO3

samples

Ba1−xSrxNiO3 (x) Rexp Rp Rwp c2

0.00 1.89 8.77 11.50 6.06
0.33 1.80 9.78 13.10 7.26
0.67 1.74 9.45 12.38 7.11
1.00 1.71 9.69 12.83 7.50

15794 | RSC Adv., 2024, 14, 15791–15803
but the value of c only increased slightly. For the pure SN
sample, these values were found as 5.3541 Å and 4.8563 Å,
respectively, as shown in Fig. 3(a). Overall, the volumes of the
unit cells decreased as the Sr-content improved which is
credited to the smaller radii of Sr2+ (1.44 Å) than that of Ba2+

(1.61 Å).40

Furthermore, the X-ray density (rx), was calculated from the
unit cell volume of each sample using eqn (5):

rx ¼
NM

NAV
(5)

where M is the molar mass of the molecule, N represents the
formula units per unit cell, V denotes the unit cell volume and
NA is Avogadro's number. Moreover, in all the prepared mate-
rials, bulk density (rB) was evaluated by eqn (6):

rB ¼ m

v
(6)

where v (v = pr2h) and m denote the pellets' volume and mass,
respectively.41 Plots of these X-rays and bulk densities against
Fig. 3 Variation in (a) lattice constants, (b) X-ray and bulk densities,
and (c) crystallite size and porosity with the increase in substitution
contents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the substitution contents are shown in Fig. 3(b). These plots
show a decrease in X-ray density with the increase in Sr-content
which is due to the relatively higher decrease in the molecular
weight of the SN sample than that of the drop in its unit cell
volume. From the values of the bulk and X-ray densities, the
porosity of each sample was calculated using eqn (7):

Porosity ¼
�
1� rB

rx

�
� 100% (7)

Using the Debye–Scherrer relation, stated in eqn (8), the
average crystallite size of the nanoparticles was evaluated for all
the samples:

D ¼ kl

b cos q
(8)

here q denotes the Bragg's angle, b is the peak broadening or
full-width at half-maxima (FWHM), k represents Scherrer's
constant (shape factor), and l is the wavelength of the X-rays
(1.5406 Å for CuKa).42 It was observed that with the increase in
substitution contents, the crystallite size increased, but the
porosity rst decreased for the BSN-1 sample and then gradually
increased from 22.3% to 28.9%, however, it remained less than
that of the pure BN sample (34.7%) as shown in Fig. 3(c).

The minor crystal distortions and imperfections may
produce strain (3) in the crystal lattice which causes peak
broadening. Thus, for a better estimation of crystalline size, the
Williamson–Hall (W–H) method was also employed using eqn
(9):

b cos q ¼ 3ð4 sin qÞ þ kl

D
(9)
Table 2 The calculated values of the lattice constants, unit cell volume
Scherrer's formula and the Williamson–Hall plot method, and the strain

Ba1−xSrxNiO3 x = 0.00

Lattice constants (Å) � 0.06 a 5.6247
c 4.8203

Unit cell volume (Å3) � 4.50 132.06
X-ray density (g cm−3) � 0.045 6.14
Bulk density (g cm−3) � 0.04 4.01
Porosity (%) � 0.7 34.7
Crystallite size (nm) � 0.25 Scherrer 27.40

W–H 14.51
Strain (3) −9.74 × 10−4

Fig. 4 Williamson–Hall plots of Ba1−xSrxNiO3 samples with x = 0.00, 0.

© 2024 The Author(s). Published by the Royal Society of Chemistry
where b is FWHM, q denotes the peak positions and 3 represents
the strain.43 For all the samples, the plots were drawn between b

cos q and 4 sin q values using linear tting and are shown in
Fig. 4 where the slope of the line provides the value of induced
strain while the crystallite size can be calculated from the y-
intercept (kl/D) for each sample. It can be seen that all the plots
are showing negative slopes which clearly indicate the presence
of compressive lattice strain in all the samples. However, the
strain is minimum in the pure SN sample (x = 1.00) which
indicates the strength of the material when compared to others.
The calculated values of the structural parameters of all the
preparedmaterials are listed in Table 2 where it can be observed
that the crystallite sizes which were calculated by the W–H
method were less than those calculated by Scherrer's formula
which is due to the contribution of the strain values.44
3.2. Surface morphology

Fig. 5(a)–(d) show the FESEM images of the Ba1−xSrxNiO3

samples (x = 0.00, 0.33, 0.67, and 1.00) together with the
particle size distribution histograms in the insets. All these
images were captured by applying an external potential of 10 kV
and have a magnication of 200 000×. For the measurement of
the particle sizes, Java-based soware ‘ImageJ’ was used. As can
be seen in Fig. 5(a), for the pure BN sample, semi-spherical
shaped grains with sharp boundaries having particle sizes in
the 10 nm to 45 nm range were almost evenly distributed all
over the surface of the material. However, by increasing the
substitution contents, the grain sizes were slightly increased as
can be observed in Fig. 5(b), for the BSN-1 sample, where the
particle sizes are in the range of 15 nm to 45 nm. Moreover, the
uniformity in the grain distribution was disturbed when an
, X-ray density, bulk density, porosity, and crystallite size obtained by
of the Ba1−xSrxNiO3 samples

x = 0.33 x = 0.67 x = 1.00

5.5892 5.5592 5.3541
4.8402 4.8557 4.8563
130.94 129.90 120.56
5.78 5.39 5.35
4.49 4.01 3.81
22.3 25.6 28.9
31.46 28.54 29.35
20.56 15.76 16.96
−6.58 × 10−4 −9.21 × 10−4 −7.82 × 10−5

33, 0.67, and 1.00.

RSC Adv., 2024, 14, 15791–15803 | 15795
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Fig. 5 SEM images of the Ba1−xSrxNiO3 samples with x = (a) 0.00, (b) 0.33, (c) 0.67, and (d) 1.00 captured at a magnification of 200 000×. The
relevant in-sets show respective grain size distributions.
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increase in agglomeration was noticed. For BSN-2 sample,
particle sizes are in the 10 nm to 60 nm range as shown in
Fig. 5(c). The reason for this increase is that SrO (2531 °C) has
a higher melting point than that of BaO (1923 °C), so, with the
increase in Sr-content, the Ba1−xSrxNiO3 samples have less of
a liquid phase during heat treatment. Thus, the competition
between the adjacent particles decreases and the probability of
the precipitation of a new nucleus reduces, which results in the
acceleration of the grain growth.45 In both intermediate
compositions i.e., x = 0.33 and 0.67, voids and gaps can be seen
between agglomerated grains which indicate a considerable
increase in porosity. Finally, for the pure SN sample, particle
sizes are in the 20 nm to 55 nm range as shown in Fig. 5(d),
where a high agglomeration can also be observed which is due
to the infusion of irregular spherical shaped grains during the
heat treatment.46
3.3. Elemental analysis

Fig. 6 displays the EDX spectra of the prepared samples, which
veried the existence of Ba, Ni, O, and Sr according to the exact
stoichiometric ratios in the Ba1−xSrxNiO3 samples of different
compositions. In all the spectra, peaks appearing at 0 keV of
energy represent the reference peaks. It can be seen that in the
Fig. 6 EDX spectra of Ba1−xSrxNiO3 samples with x = 0.00, 0.33, 0.67,
and 1.00.
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pure BN sample, no Sr-peak was observed, which established the
development of the pure phase of BaNiO3. However, with the
increase in the substitution contents, the Sr-peaks can be spotted
together with the Ba, Ni, and O peaks in the BSN-1 and BSN-2
samples. Finally, in the pure SN sample, no Ba peak was detec-
ted, which proved the formation of pure SrNiO3 by the complete
substitution of Sr at the Ba site. Moreover, in all the samples, the
existence of carbon (C) peaks is due to the adhesive tape that
grasps the material on the sample holder.47 In addition, the exis-
tence of gold (Au) peaks refers to the gold coating on the sample
surface which is used for better conduction of the electronic
beam.41 Table 3 provides the exact weight percentages (wt%) of all
the constituent elements in all the samples. It was observed that
the wt% of Sr increased by increasing the substitution contents,
and its maximum value is found in the pure SN sample. On the
other hand, the wt% for Ba decreased with the increase in Sr-
content, and this veries the ndings of EDX spectra.
3.4. Ferroelectric study

The characteristic ability of certain dielectric materials to
reverse the spontaneous polarization (P) by an external electric
eld is known as ferroelectricity. This behavior is observed due
to the orientation of the domains in the materials on applying
the external eld.19 Being a prime characteristic of energy
storage materials, ferroelectricity has completely modernized
the electronic industry in the recent past. To determine the
ferroelectric characteristics of the prepared Ba1−xSrxNiO3

samples, the P–E (polarization versus electric eld) loops for all
the different compositions (x = 0.00, 0.33, 0.67, and 1.00) were
recorded at room temperature and the results are shown in
Fig. 7(a). All these P–E hysteresis loops were obtained at an
optimized test frequency of 1 kHz, under an applied ‘ac’ electric
eld of 150 V cm−1. In all the samples, the uniform distribution
of the electric dipoles was evident from the P–E loops' symmetry
Table 3 Elemental weight percentage in Ba1−xSrxNiO3 samples

Ba1−xSrxNiO3 (x)

Weight percentage (%)

C O Ni Ba Sr Au

0.00 3.04 17.96 22.34 54.57 — 2.07
0.33 4.33 19.48 24.18 38.82 11.10 2.07
0.67 5.94 20.61 25.69 19.34 25.69 2.71
1.00 6.84 21.46 26.96 — 41.85 2.87

© 2024 The Author(s). Published by the Royal Society of Chemistry
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about the origin. Moreover, the trend of continuous enhance-
ment of polarization as the strength of the electric eld
increased, demonstrated the linear ferroelectric behavior of the
synthesized materials.48 This dielectric response is due to the
contribution of electronic, ionic, and dipolar polarizations in
the material.49 Apart from this, a leaky behavior was also
observed from the P–E loops, which is due to the impact of the
Fig. 7 (a) Polarization versus electric field hysteresis loops, (b) charge–
discharge regions of the P–E loops, (c) variation in maximum and
remanent polarization by changing the substitution content, and (d)
change in recoverable energy density and energy loss density with
increases in Sr-content in the Ba1−xSrxNiO3 samples with x = 0.00,
0.33, 0.67, and 1.00.

© 2024 The Author(s). Published by the Royal Society of Chemistry
oxygen vacancies produced in samples during the initial sol–gel
process. Most of these vacancies were equilibrated by atmo-
spheric oxygen during calcination but some of them still
remained behind which caused a leakage of current on appli-
cation of the electric eld.50 Overall, this leakage behavior was
reduced with the increase in the substituted contents and was
found to be minimal in the pure SN sample. The charge–
discharge curves for all the samples are shown in Fig. 7(b),
where it can be observed that the area under the curves
decreased continuously with the increase in the substitution
contents which predicted minimum energy loss in the pure SN
sample. Moreover, the discharging part of the curves shows that
some domains still maintain the polarized state even aer the
removal of the external electric eld.51

P–E loops were also used to nd the exact values of the
coercive eld (Ec), maximum polarization (Pmax), and remanent
polarization (Pr) in all samples. Fig. 7(c) shows the plot of Pmax

and Pr against the substitution contents. It can be seen that Pmax

and Pr both decreased with the increase in the Sr-content which
was due to the lower electric dipole polarizability of Sr (27.6 ×

10−24 cm3) than that of Ba (39.7× 10−24 cm3).52 Table 4 gives the
exact numbers of Pmax, Pr, and Ec in all different samples where
they vary from 3.65 × 10−3 to 0.45 × 10−3 mC cm−2, from 3.45 ×

10−3 to 0.24 × 10−3 mC cm−2 and from 122.74 to 61.92 V cm−1

respectively, with the increasing substitution contents. The P–E
loops also served other purposes because the area conned
between the discharge curve and the axis of polarization
provides the recoverable energy density (Wrec). Similarly, the
area of the loop gives the value of the energy loss density (WL).53

Using the values of Pmax and Pr, the total and recoverable energy
densities were calculated using the following equations:

WT ¼
ðPmax

0

EdP (10)

Wrec ¼ �
ðPmax

Pr

EdP (11)

where E represents the external electric eld, and dP = Pmax −
Pr. From the values of Wrec and WT, the energy loss density was
calculated using eqn (12):54

WL = WT − Wrec (12)

Fig. 7(d) shows the plot of Wrec and WL against the substi-
tution contents where an increase in Wrec can be noticed with
the increase in the substituted content. The highest value of
Wrec was obtained for the BSN-2 sample. However, a further
increase in Sr-content caused a decrease inWrec for the pure SN
sample but the value is still greater than that of the pure BN
sample. The WL, on the other hand, decreased continuously
with an increase in Sr-content, and the lowest value was found
for the pure SN sample. From Wrec and WL, the energy storage
efficiency (h) was calculated for all the samples using eqn (13):55

h ¼ Wrec

Wrec �WL

� 100% (13)
RSC Adv., 2024, 14, 15791–15803 | 15797
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Table 4 Maximum polarization (Pmax), remanent polarization (Pr), and coercive field (Ec) in all the Ba1−xSrxNiO3 samples

Ba1−xSrxNiO3 (x) Pmax 10
−3 (mC cm−2) Pr 10

−3 (mC cm−2) Ec (V cm−1)

0.00 3.650 3.450 122.74
0.33 1.280 1.080 100.72
0.67 0.967 0.701 88.21
1.00 0.455 0.240 61.92
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It can be seen from Fig. 8(a) that with the increase in
substitution contents, the efficiency also increased and it was
highest, at 47.21%, in the pure SN sample. Table 5 gives the
exact calculated values of WT, Wrec, and WL in all the samples
which vary from 0.068 × 10−3 to 0.567 × 10−3 mJ cm−3, from
0.0310 × 10−3 to 0.0414 × 10−3 mJ cm−3 and from 0.036 × 10−3

to 0.536 × 10−3 mJ cm−3, respectively.
For all the samples, the P–E loops were unsaturated under

the applied electric eld which is because of the fact that
polarization is likely to be enhanced by strengthening the eld.
Fig. 8 (a) Percentage efficiency in all the Ba1−xSrxNiO3 samples, (b)
charge–discharge curves, and (c) variation in recoverable energy
density and energy loss density at different potentials in the pure
SrNiO3 sample.
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Because the pure SN sample shows the best ferroelectric
response, its P–E loops were further investigated at higher eld
strengths from over the range 100 V cm−1 to 800 V cm−1 as
shown in Fig. 8(b). It was observed that the maximum polari-
zation increased continuously with the increase in eld
strength which indicated that at higher eld strengths, the
dipole alignment has been improved. Fig. 8(c) exhibits a similar
increasing trend for both Wrec and WL when the electric eld is
strengthened. The exact values of Pmax, Pr, Ec, WT, Wrec, and WL

at different values of the electric eld are listed in Table 6.
3.5. I–V characteristics

The Fowler–Nordheim tunnelling, grain-boundary conductivity,
hooping conductivity, ohmic current, space charge limited
current (SCLC), Poole–Frenkel emission, and Schottky emission
are the major leakage pathways in ferroelectric materials.56

Fig. 9(a) represents the I–V (leakage current versus voltage)
curves for all the synthesized samples where the applied voltage
was kept in the range of ±10 V. It was observed that in all the
samples, the leakage current increased with an increase in
applied voltage and showed a symmetrical behavior for the
positive and negative voltages. Moreover, the values of the
leakage current in the BSN-1 and BSN-2 samples (10−6 A), are
higher than those of the pure BN and SN samples (10−7 A) which
is due to the oxygen vacancies and the minor secondary phase
in the intermediate compositions. Using the data obtained from
the I–V measurements, the conductivity was calculated for all
the samples and plotted against the substitution contents as
shown in Fig. 9(b), where a trend similar to that of the I–V curves
is repeated. Both the pure BN and pure SN samples showed
lower conductivities, i.e., 1.165 × 10−8 U−1 cm−1 and 1.20 ×

10−8 U−1 cm−1, respectively, which corresponds to their good
ferroelectric response and shows the prospects of the material
for practical applications in ultra-sensitive pulsating devices.
3.6. PUND analysis

Because the P–E loops' measurements are insufficient to
distinguish between the contributions of domain switching and
leakage current to the remanent polarization, to measure the
accurate values of the remanent polarization (switching charge
density), the positive-up-negative-down (PUND) technique was
employed. This approach was rst published by Scott et al. in
1989.57 In their method, four identical voltage pulses are
applied to the sample aer initially setting it in the polarization
state. The initial pulse is applied for the measurement of the
total switching polarization (P*) which provides the combined
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Total stored energy density (WT), recoverable energy density (Wrec), and energy loss density (WL) in all the Ba1−xSrxNiO3 samples

Ba1−xSrxNiO3 (x) WT 10−3 (mJ cm−3) Wrec 10
−3 (mJ cm−3) WL 10−3 (mJ cm−3)

0.00 0.567 0.0310 0.536
0.33 0.199 0.0314 0.168
0.67 0.150 0.0414 0.109
1.00 0.068 0.0322 0.036

Table 6 Maximum polarization (Pmax), remanent polarization (Pr), coercive field (Ec), total stored energy density (WT), recoverable energy density,
and energy loss density at different field strengths in the pure SrNiO3 sample

Field strength
(V cm−1) Pmax 10

−3 (mC cm−2) Pr 10
−3 (mC cm−2) Ec (V cm−1) WT 10−3 (mJ cm−3) Wrec 10

−3 (mJ cm−3) WL 10−3 (mJ cm−3)

100 0.308 0.168 −44.75 0.030 0.014 0.016
200 0.605 0.321 −86.42 0.121 0.056 0.064
300 0.910 0.494 −129.47 0.273 0.124 0.148
400 1.214 0.663 −174.54 0.485 0.220 0.265
500 1.519 0.830 −217.83 0.759 0.344 0.415
600 1.826 1.000 −264.37 1.095 0.495 0.600
700 2.141 1.194 −313.97 1.498 0.662 0.836
800 2.443 1.362 −359.46 1.954 0.864 1.089

Fig. 9 (a) I–V characteristics curves and (b) the conductivity of the Ba1−xSrxNiO3 samples with x = 0.00, 0.33, 0.67, and 1.00.
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effect of domain switching polarization and leakage current as
shown by eqn (14):

P* = PSwitching + PLeakage (14)

Then, the 2nd pulse is applied for the measurement of the
total polarization (P̂) excluding the switching charge density.
The 3rd and 4th pulses are used to perform similar tasks but
with a negatively biased voltage. Consequently, the gap between
P̂ and P* gives the switching charge density (Qsw) as mentioned
in eqn (15):

Qsw = P* − P̂ (15)

Moreover, the derivatives of positive and negative switching
polarization can be indicated as P*

r and�P*
r and that of positive

and negative non-switching polarization can be indicated as P̂r
and −P̂r, respectively.58
© 2024 The Author(s). Published by the Royal Society of Chemistry
In this study, all the Ba1−xSrxNiO3 samples were analyzed
under a 100 V cm−1 electric eld where pulse width and delay
time were kept at 1 ms and 1 s, respectively, for the measurement
of the polarization values aer each pulse. All the resulting PUND
sequences are shown in Fig. 10, where it can be observed that in
all the samples, the value of P* (switching polarization) is greater
than that of P̂ (non-switching polarization), which corresponds to
the contribution of the remanent polarization or the switching
charge density. The switching charge density for all the samples
was calculated using eqn (15) and plotted against the substitu-
tion contents as shown in Fig. 11. It was observed that the Qsw

rst increases in the intermediate sample BSN-1 and then
continuously decreases by increasing the substitution contents.
Finally, the lowest value of Qsw was noted in the pure SN sample
(Qsw = 2.902 × 10−7 mC cm−2) which was quite lower than the
value that appeared in the P–E loops. These results clearly state
the contribution of the leakage current to the values of the
remanent polarizations evaluated by the P–E loops method.
RSC Adv., 2024, 14, 15791–15803 | 15799
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Fig. 10 PUND sequences of the Ba1−xSrxNiO3 samples with x = 0.00, 0.33, 0.67, and 1.00.

Fig. 11 Switching charge density of the Ba1−xSrxNiO3 samples at
different substitution contents (x).
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4. Conclusion

To conclude, a series of Ba1−xSrxNiO3 (x = 0.00, 0.33, 0.67, and
1.00) lead-free ceramics was successfully fabricated using the
sol–gel auto combustion route. The inuence of Sr-substitution
on structural, morphological, and ferroelectric responses of
ceramics was studied thoroughly. A hexagonal perovskite
structure with a P63/mmc space group was identied in the XRD
spectra of all the samples, which was conrmed using Rietveld's
renement. It was observed that the unit cell volume decreased
from 132.06 Å3 to 120.56 Å3 and the X-ray density decreased
from 6.14 g cm−3 to 5.35 g cm−3 by increasing the substitution
contents. Furthermore, the porosity of the samples was found to
be in the range of 22.3% to 34.7%. Using Scherrer's formula and
Williamson–Hall plots, the crystallite sizes were calculated and
correlated aerwards. The FESEM images revealed that the
grain size and agglomeration increased with the increasing Sr-
content. In addition, the existence of all the constituent
elements according to their stoichiometric ratios was conrmed
using the EDX spectra. The ferroelectric analysis showed that by
improving the Sr-content, a decrease in the values of the coer-
cive eld, maximum polarization, and remanent polarization
was obtained, but the recoverable energy density increased as
the loops became slimmer. Whereas, the maximum value of
recoverable energy density was found in the BSN-2 sample at x=
0.67. The minimum energy loss was noted in the pure SN
sample with the highest energy storage efficiency (∼47.21%).
The I–V characteristic curves disclosed the existence of a current
barrier up to 1.8 × 10−6 A in all the samples. Moreover, both
15800 | RSC Adv., 2024, 14, 15791–15803
pure BN and pure SN samples showed a very small conductivity
(∼10−8 U−1 cm−1). Furthermore, the PUND sequences revealed
that the switching charge density decreased with the increasing
Sr-content and the lowest was found in the pure SN sample
(2.902 × 10−7 mC cm−2). Overall, these ndings indicate the
potential of this series, especially SrNiO3, in energy storage
devices and fast-switching applications. Moreover, the practical
applications can also include low powered electronics, spin-
tronics and memory storage devices, i.e., FeRAMs.
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