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Optimizing (1-x) BiFeO3-xCaTiO3 Perovskites: A Pathway to
Efficient Flexible Energy Storage

Febin Paul, Shahina Shareef, Eric Kumi Barimah, Mustehsan Beg, Keng Goh, Gin Jose,
Zhilun Lu, and Libu Manjakkal*

New advanced functional material manufacturing and electrode design are
the keys to developing the next generation of smart energy storage devices.
This study explores the electrochemical performances of (1-x) BiFeO3-xCaTiO3

(x = 0.4, 0.5, 0.6) (BFO-CTO) perovskite for flexible electrochemical capacitors
(ECs). BFO-CTO are synthesized via solid-state reaction, ensuring phase
purity, while electrodes are printed on a flexible graphene sheet. X-ray
photoelectron spectroscopy (XPS) confirmed the mixture of metallic bismuth
(Bi(0)) and Bi2O3 (Bi

3+), enhancing charge through redox activity and
conductivity. The 60BFO-40CTO composition exhibited a crystalline
perovskite structure with high conductivity (14.03 kS.m−1) and hydrophilic
properties (contact angle 40.3°). This resulted in a high electrochemically
active surface area of 1.059 x10−3 cm2 and a specific capacitance of 2.79
mF.cm−2 in the symmetric EC. The asymmetric BF6CT4-G-EC, configuration
achieved approximately an 80% increase in capacitance compared to the
symmetric counterpart. It retained ≈90% of its initial capacitance after 6000
cycles, and maintained ≈72% capacity after 3000 cycles under 40° bending.
These results highlight the potential of BFO-CTO perovskites as
high-performance electrode materials for flexible energy storage applications.

1. Introduction

Rapid advancements in modern digital technologies have led to
a growing demand for smart, flexible electronic devices in re-
cent decades. To power these devices, there is a persistent need
to develop flexible energy storage devices that can withstand
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deformation while maintaining their elec-
trochemical and electrical functions.[1] The
increase in demand for energy storage de-
vices has raised concerns about the per-
formance, cost, and availability of raw
materials.[2] In this context, the high elec-
trical and ionic conductivity of materials
with perovskite structure makes them ex-
cellent for energy storage while being low-
cost and widely available.[3] ABX3 is con-
sidered the general formula for perovskite
materials, where A and B are two cations
of significantly different sizes, and X is
an anion that bonds to both A and B.
Large ions such as halides, nitrides, sul-
fides, and oxygen are the most commonly
considered for the X site.[4] Themost widely
considered A-site cations in perovskites
include alkaline earth metals like Ca2+,
Sr2+, and Ba2+; alkali metals such as Cs+,
Rb+, and K+; and rare earth elements like
La3+ andNd3+. Transitionmetals, including
Ti4+, Zr4+, Nb5+, and Pb2+ are frequently
used as B-site cations. Perovskite-based

materials are attractive for electrolytic and electrochemical appli-
cations due to their key physical properties, including dielectric
properties, ferroelectricity, ionic conduction, superconductivity,
and insulator–to-metal transition.[3d,5] The Supporting Informa-
tion provided in Tables S1 and S2 (Supporting Information) sum-
marizes the performance of perovskite material for electrochem-
ical and electrolytic energy storage.
As an electrochemical energy storage material, the perovskite

structure can host various metal ions and anions, exhibiting ex-
cellent bulk intercalation/deintercalation. This allows them to
store amaximum amount of charge by utilizing the electrochem-
ically active surface area (ECSA).[3d] In electrochemical capacitor
(EC) applications, the fast kinetics that reduce phase transforma-
tion during charging and discharging enhance the power density
for perovskites as discussed by Goel et al. and Mohan et al.[3a,b]

Perovskite-structuredmaterials inherently contain oxygen vacan-
cies, which can lead to a high specific capacitance as discussed
by Ahangari et al. for SrFexCo1-xO3-𝛿 perovskite oxides as a super-
capacitor electrode material.[6] In addition, perovskite functions
as an electrolytic capacitor (ELCs) for energy storage due to its
high dielectric constant, charge carrier mobility, tunability, low
cost, scalability, and chemical stability. These properties make
them promising candidates for improving the performance and
efficiency of energy storage devices.[7] Among various perovskite
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Figure 1. a) Crystalline structure of CaTiO3 (CTO). b) Crystalline structure of BiFeO3 (BFO). c) Electrode configuration used in the design of symmetric
and asymmetric ECs. Schematic representation of d) Symmetric EC-based BFO-CTO electrode, e) Asymmetric EC-based BFO-CTO Vs graphite electrode
and f) Image of developed flexible EC, g) Variation of electrical conductivity and resistivity of the printed 40BFO-60CTO, 50BFO-50CTO, 60BFO-40CTO
films, h) Ions distribution aroundmultiple grains of the composite electrode during the interaction with electrolyte and i) Charge contribution of BF6CT4-
EC (symmetric) and BF6CT4-G-EC (asymmetric).

materials, BiFeO3 (BFO) and CaTiO3 (CTO) are recognized as ex-
cellent materials for energy storage devices. Recently, Gomasu
et al., reported the high energy density performances of BFO-
CTO as an ELC material for high temperature applications.[7]

Here, the CTO is acknowledged as the prototypical perovskite,
featuring a specific arrangement of atoms in a crystalline lattice,
as shown in Figure 1a. Six oxygen atoms (O2-) surround the cen-
tral calcium ion in an octahedral arrangement. The O2- ions form
the corners of an octahedron, with the calcium ion positioned at
the center of this octahedron. Titanium ions (Ti4+) occupy the cor-
ners of the unit cell, located at the vertices of the cube formed by
the oxygen octahedra. This arrangement repeats throughout the
crystal lattice to form the calcium titanite structure.[8]

Moreover, CTO crystals typically exhibit well-defined facets
and geometric shapes due to the regular arrangement of atoms
in the crystal lattice. They can appear as cubic, octahedral, or
other polyhedral shapes. The growth method can also influence
the size and morphology of CTO crystals. Crystals can be synthe-

sized using sol-gel methods, hydrothermal methods, and solid-
state reactions.[9] Due to its high pore volume, hierarchical pore
structure, and exceptional conductivity, the optimized activated
carbon/CTO demonstrated good capacitance at low current den-
sity in a two-electrode system with 6 m KOH as the electrolyte.
BFO is a conventional ABO3-structured perovskite material, as
represented in Figure 1b, with A and B sites occupied by Bi and
Fe, respectively. In the case of bismuth ferrite, the central cation
is a bismuth ion (Bi3+). Six O2- ions surround the central Bi3+,
forming an oxygen octahedron similar to the standard perovskite
structure. Iron ions (Fe3+) are located at the corners of the unit
cell, and these Fe3+ ions are also connected to O2- ions to form
an octahedral arrangement that shares edges with the central
oxygen octahedron.[10] Recently, a high-performance EC was re-
ported by Moitra et al., using BFO nanowire-RGO nanocompos-
ite with excellent cyclic stability.[10a] Induced anion defect sites
improve the electrochemical performance of BFO due to their
crystal structure. Jo and team found that, the BiFeO3-X electrode
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exhibits a capacitance of 923.8mF.cm−2
, while BiFeO3 shows

300.9mF.cm−2
, demonstrating high electrochemical stability.[11]

BFO-based ceramics are also considered promising contenders
for high-energy-density capacitors, thanks to BFO’s significant
spontaneous polarization and elevated Curie temperature (Tc).

[12]

In this study, we prepared and evaluated a perovskite mate-
rial (1-x) BiFeO3-xCaTiO3 (x = 0.4, 0.5, 0.6) for energy storage
applications as a novel flexible EC. BiFeO3-CaTiO3 with three
ratios of 40-60% (40BFO-60CTO), 50-50% (50BFO-50CTO), and
60-40% (60BFO-40CTO) was used as the active material for the
electrode’s fabrication, given in Table S3. The electrodes used for
the development of symmetric and asymmetric ECs are sum-
marized in Figure 1c. Based on these electrodes, three individ-
ual symmetric ECs were developed, as schematically shown in
Figure 1d and evaluated. The 60BFO-40CTO-based electrode ex-
hibited a specific capacitance of 2.79 mF.cm−2, and the image of
the device is shown in Figure 1f, which is higher than that of
the 40BFO-60CTO and 50BFO-50CTO electrode-based devices.
The BFO-CTO electrode with the best performance ratio and a
graphite electrode were used to develop a flexible asymmetric EC,
as schematically shown in Figure 1e. In symmetric and asym-
metric EC fabrication, cellulose cloth and 6 M KOH were used
as the separator and electrolyte, respectively. Transition metals
in perovskite materials, like Fe in BaFeO3, can exist in differ-
ent oxidation states, such as Fe3+ and Fe2+.[13] These changes
in oxidation states affect the material’s electronic properties and
how it interacts with electrolyte ions like hydroxide (OH−) from
KOH. The ability of these metals to switch between oxidation
states can change their surface charge and reactivity, influenc-
ing how ions are adsorbed or desorbed.[14] When transition met-
als undergo redox reactions, the surface charge of the material
can change, which may attract or repel KOH ions and affect how
much is adsorbed. Additionally, these redox processes can shift
the electrochemical potential of the surface, making it easier to
adsorb OH− or K+ ions from KOH. In alkaline environments
(like those with KOH), metal oxides can help adsorb OH− ions,
especially when the metal is undergoing redox reactions. This
can improve the material’s electronic structure, catalytic proper-
ties, or ionic conductivity.[3d,15] The combination of BFO, where
Fe can exist in multiple oxidation states, and CTO, which has Ti
in a stable state, could create a synergistic effect on KOH ion
adsorption. The Fe3+/Fe2+ redox couple in BFO may help al-
ter the material’s charge, encouraging more adsorption of KOH
ions. Meanwhile, CTO could affect the stability and structure of
the composite, influencing how well it adsorbs ions.[3d,16] Over-
all, the redox behavior of transition metals in BFO-CTO mate-
rials is important for how KOH electrolyte ions are adsorbed.
This interaction impacts the material’s electrochemical proper-
ties and is crucial for optimising its performance in electrochem-
ical devices. During this study, we observed high conductivity
(Figure 1g), excellent wettability (Figure 2i–l), and many struc-
turally oriented grains and particles of varying sizes with multi-
ple pores, as shown in Figure 1h, leading to enhanced ECSA dur-
ing the electrochemical reactions in BF6CT4-EC. In addition, we
observed that changing the electrode configuration enhances the
ECSA. For the asymmetric EC, the ECSA is 1.059 × 10−3 cm2,
which is 1.73 times higher than that of the symmetric EC with
the electrode (60BFO-40CTO). As a result, the asymmetric EC
device can store more charge than the symmetric EC, as shown

in Figure 1i. The asymmetric EC exhibited a specific capacitance
of 3.5 mF.cm−2 at one mV.s−1. The static bending analysis at dif-
ferent angles of the BFO-CTO confirmed the suitability of the
developed EC.

2. Results and Discussion

2.1. Structural and Morphological Characterization

The full-pattern X-ray Diffractometer (XRD) Rietveld refinement
results of the (1-x)BFO-xCTO (x = 0.4, 0.5, 0.6) powders obtained
at room temperature are presented in Figure 2a–c and Table S4
(Supporting Information). The lattice parameters for each com-
position were determined by fitting with a fixed background and
peak type, which allowed for calculating the cell volume and re-
finement of the parameters. All the diffraction peaks observed
in the XRD pattern can be accurately attributed to a singular or-
thorhombic perovskite structure with aPbmn space group. To our
knowledge, only the crystal structure information for x = 0.6 has
been reported previously, with a cell volume of 235.29 Å3,[17] and
our data is consistent with this reported value. As shown in Table
S4 (Supporting Information), an increase in CTO content leads
to a reduction in all lattice parameters and a decrease in the unit
cell volumes. This indicates that forming a solid solution between
BFO and CTO has been successfully achieved in these compo-
sitions. This is attributed to the fact that CTO, with a cell vol-
ume of 223.55 Å3, has a smaller cell volume compared to BFO
(373.67 Å3).[18] The prepared crystalline powders were used for
the fabrication of printed active electrodes. The surface morphol-
ogy of these printed active electrodes plays a significant role in
enhancing the interaction between the electrolyte and electrode
in ECs.
The structural evolution of (1-x)BFO-xCTO composites (∖(x =

0.4, 0.5, 0.6∖)) was systematically investigated via XRD coupled
with Rietveld refinement (Figure 2a–c). All compositions exhib-
ited a single-phase orthorhombic perovskite structure, crystalliz-
ing in the *Pbmm* space group, which is consistent with the dis-
torted perovskite framework commonly observed in mixed A/B-
site substituted systems. The refinement process employed fixed
background parameters and pseudo-Voigt peak profiles to opti-
mize lattice constants, atomic positions, and thermal displace-
ment parameters. Notably, the cell volumes derived from these
refinements (Table S4, Supporting Information) decreased pro-
gressively with increasing CTO content—from 235.29 Å3 for x =
0.6 to smaller values for x = 0.5 and x = 0.4—aligning with Veg-
ard’s law for solid solutions. This contraction arises from the sub-
stitution of larger Ba2+ (1.61 Å) and Fe3+ (0.645 Å) ions in BFO
with smaller Ca2+ (1.34 Å) and Ti4+ (0.605 Å) ions in CTO, which
reduces interatomic distances and compresses the unit cell. The
successful formation of a homogeneous solid solution is further
evidenced by the absence of secondary phases in the XRD pat-
terns, confirming complete miscibility between BFO and CTO
within the studied compositional range. While prior literature
only reported structural data for x = 0.6 (cell volume = 235.29
Å3),[17] this work extends the understanding to x = 0.4 and x =
0.5, revealing a linear correlation between CTO content and lat-
tice contraction. This trend highlights the role of ionic size mis-
match in tailoring structural properties, which is critical for op-
timizing functional behaviors such as dielectric response or ion
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Figure 2. Structural andmorphological properties of the electrodematerials. a–c) XRD pattern and corresponding Rietveld refinement results for 40BFO-
60CTO, 50BFO-50CTO, 60BFO-40CTO ceramics at room temperature. d) Raman spectra of the 40BFO-60CTO, 50BFO-50CTO, 60BFO-40CTO composite
electrode. e–h) SEM images of 40BFO-60CTO, 50BFO-50CTO, 60BFO-40CTO, and graphite film respectively i–l) contact angle measurement of 40BFO-
60CTO, 50BFO-50CTO, 60BFO-40CTO, and graphite film respectively.

transport. The refined powders were subsequently utilized to fab-
ricate printed active electrodes for ECs. The reduced cell volume
at higher CTO content x = 0.6 may enhance electrode-electrolyte
interactions by increasing surface area or modifying pore
structure, though further morphological analysis (e.g., SEM/
TEM) is required to validate this hypothesis. Surface morphol-
ogy, influenced by crystallite size and phase homogeneity, is ex-
pected to play a pivotal role in charge storage mechanisms, as
smaller grain boundaries and defect-free interfaces typically im-
prove ionic accessibility and charge transfer kinetics. These find-
ings underscore the importance of compositional tuning in per-
ovskite oxides for energy storage applications.
The Raman spectroscopy analysis of BFO-CTO heterostruc-

tures, conducted using a Renishaw Raman spectrometer with
488 nm laser excitation, provides critical insights into the struc-
tural and compositional characteristics of the composite elec-
trode material. The composite electrodes incorporate ethyl cel-
lulose as a binder and conductive carbon black as a filler, both
of which influence the spectral features. In Figure 2d the Ra-
man spectra shows six distinct vibration modes were observed

within the 500–1800 cm−1 range, each corresponding to spe-
cific chemical bonds and molecular interactions. The A1 peak
at 632 cm−1 is attributed to C–OH bending or stretching vibra-
tions, likely arising from hydroxyl groups in the binder or ad-
sorbed moisture. At 860 cm−1 (A2), HCC (alkyne) and HCO (car-
bonyl) bending modes suggest the presence of sp2-hybridized
carbon defects or functional groups associated with the carbon
black filler. The A3 peak at 1095 cm−1 corresponds to C–C and
C–O stretching motions, indicative of disordered carbon struc-
tures or residual polymer components. The A4 peak (1287 cm−1)
aligns with the disorder-induced D-band of graphitic carbon,
reflecting structural imperfections in the conductive filler. The
prominent A5 peak at 1615 cm−1 represents the G-band of or-
dered sp2-hybridized carbon, underscoring the graphitic nature
of the carbon black, which is critical for electrical conductivity.
Finally, the A6 peak at 1727 cm−1 is assigned to C═O stretch-
ing vibrations, likely originating from oxidized carbon species
or residual organic components, which may impact electro-
chemical stability. Notably, lower-frequency modes (<500 cm−1),
typically associated with Fe–O and Ti–O lattice vibrations in
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pristine BFO and CTO, were absent in the composite. This ab-
sence may result from surface localization effects, where the
binder and carbon filler dominate the near-surface region, mask-
ing deeper structural vibrations. Additionally, phonon damp-
ing by the conductive carbon black or interfacial strain-induced
crystallographic disorder between BFO and CTO phases could
suppress these modes. Comparative analysis with literature
highlights consistency in assignments: identification of organic
residues (C═O/C–O bonds),[19] while corroborates the role of
disorder-induced D/G bands in carbonaceous materials.[20] The
missing low-frequency modes, for other BFO-CTO systems, em-
phasize the unique interfacial dynamics of this composite.[21] The
dominance of carbon-related peaks underscores the critical role
of conductive fillers in enhancing electronic pathways but also
raises considerations about interfacial reactivity, such as oxida-
tion at C═O sites. The suppressed perovskite vibrations suggest
strong interfacial coupling, which may influence ferroelectric or
multiferroic properties.
A scanning electron microscope (SEM) was used to exam-

ine the surface morphology and microstructure of the BFO-CTO
samples. Figure 2e–g shows that the electrode surfaces exhibit
well-developed porous structures with large particles, particularly
in the 50BFO-50CTO and 40BFO-60CTO samples. In contrast,
the 60BFO-40CTO sample shows smaller particles with multiple
tiny pores. This distribution of pores enhances charge storage
in the active material of the 60BFO-40CTO electrode compared
to the other two electrodes. Additionally, the surface morphol-
ogy of the graphite electrode, which serves as the second termi-
nal of the developed asymmetricEC, is shown in Figure 2h. The
graphite-printed electrode displays a porous, flake-like structure.
Elemental analysis was conducted using energy dispersive X-ray
analysis (EDAX), with results in the Figure S2a–d (Supporting
Information). These porous surfaces facilitate improved interac-
tion with electrolytes, which was confirmed through the contact
angle measurements. The contact angle measurement indicates
that the BFO-CTO and graphite electrodes are hydrophilic, as
shown in Figure 2i–l. Among the three BFO-CTO electrodes, the
60BFO-40CTO electrode exhibits the lowest phase angle, ≈40.3°.
This suggests that the wettability is correlated with the porosity
of the electrode, as the 60BFO-40CTO is more porous, resulting
in better wettability, as shown in Figure 2g. The contact angles
were measured immediately after the electrolyte was dropped on
the surface, and we observed that the contact angle further de-
creased within 10 min, as shown in Figure S3a–h (Supporting
Information). It was noted that the high porosity and wettability
of graphite lead to rapid absorption of the electrolyte, with the
contact angle decreasing from 84.61° initially and almost zero af-
ter 10 min, as shown in Figure 2l and Figure S3h (Supporting In-
formation). This demonstrates the excellent performance of the
graphite electrode, which allows ions to penetrate its core struc-
ture. In addition to crystallinity, porosity, and surfacemorphology
variation, the changes in the ratio of BFO andCTO also lead to the
improvement of the film’s ionic and electronic conductivity. The
variation in electrical conductivity is shown in Figure 1g, where
the 60BFO-40CTO film exhibits a conductivity of 14.03 kS.m−1,
nearly three orders of magnitude higher than that of 40BFO-
60CTO.
The X-ray Photoelectron Spectroscopy (XPS) survey and high-

resolution spectra analysis of BaFeO3-CaTiO3 (BFO-CTO) com-

posites with varying stoichiometries (60BFO-40CTO, 50BFO-
50CTO, and 40BFO-60CTO) provide critical insights into their el-
emental composition, surface chemistry, and structural integrity.
The survey spectra Figure 3a, confirm the presence of key con-
stituent elements, including Fe (from BFO), Ca and Ti (from
CTO), and O, consistent with the perovskite-based structure of
the composites. Unexpectedly, Bi 4f signals were detected, which
may arise from cross-contamination during synthesis or han-
dling, or potentially from overlapping spectral features requir-
ing further investigation. The ubiquitous C 1s peak (≈285 eV)
likely originates from adventitious carbon contamination, a com-
mon artifact in air-exposed samples, while the dominant O 1s
peak (≈530 eV) reflects the oxygen lattice in both BFO and CTO
phases. The atomic percentages derived from XPS as shown in
Figure 3b correlate with the nominal BFO-to-CTO ratios, reveal-
ing systematic trends: higher BFO content (e.g., 60BFO-40CTO)
corresponds to increased Fe atomic percentages, while higher
CTO proportions (e.g., 40BFO-60CTO) show elevated Ca and Ti
levels. This stoichiometric alignment confirms successful com-
positional tuning of the composites. However, the oxygen con-
tent remains relatively stable across all samples, suggesting ro-
bust oxygen coordination in the perovskite framework despite
varying Fe/Ca/Ti ratios. These findings underscore the interplay
between composition and surface chemistry in BFO-CTO com-
posites. The tunable elemental ratios and stable oxygen sublat-
tice suggest tailored electronic properties, making these mate-
rials promising for advanced applications. The XPS spectra de-
tails for the thick films of these composites are given in Support-
ing Information along with Figure S4 and Table S5 (Supporting
Information). The material atomic percentage from XPS results
was calculated based on reported work.[22]

The narrow or high-resolution scan spectra of Ca, Bi, Ti,
O, C, and Fe are shown in Figure 4 for 60BFO-40CTO. The
similar spectra for 40BFO-60CTO and 50BFO-50CTO are given
in Figure S5 (Supporting Information). The deconvoluted Ca 2p
XPS spectra are shown in Figure 4a and Figure S5a,g (Support-
ing Information). The Ca 2p high-resolution XPS spectra have
two distinct peaks within the binding energy range from 340 to
357 eV. In Figure 4a, the peaks centered ≈347.8 and 351.7 eV
correspond to the Ca 2p3/2 and Ca 2p1/2 levels, respectively.

[23]

The Ca 2p peaks are slightly shifted to higher binding energy
than those shown in Figure S5a,g (Supporting Information),
attributing to a change in the BFO to CTO composite ratio,
as discussed in the Supporting Information. Figure 4b, and
Figure S5b,h (Supporting Information) shows high-resolution
spectra of Bi 4f deconvoluted with two intense peaks at ≈158.0
and ≈163.3 eV, attributed to Bi 4f7/2 and Bi 4f5/2 with spin-orbit
splitting of 5.3 eV. This is in good agreement with the Bi 4f
spectral reported in literature without any considerable shift
in the binding energy value of the peaks, representing the
presence of the Bi3+ state due to Bi2O3. Nevertheless, sam-
ple 60BFO-40CTO reveals four prominent peaks, as depicted
in Figure 4b and deconvoluted. The peaks positioned at 157.8
and 163.3 eV are indicative of the presence of metallic bismuth
satellites (Bi(0) 4f7/2 and Bi(0) 4f5/2) with energetic spin-orbit
splitting of 5.4 eV. The peaks appear at 159.4 and 165.8 eV
ascribed to the binding energies of Bi 4f7/2 and Bi 4f5/2 (Bi

3+)
with spin-orbit splitting of 5.3 eV.[24] The binding energies
of Bi 4f7/2 and Bi 4f5/2 peaks obtained from 60BFO-40CTO

Adv. Funct. Mater. 2025, e07692 e07692 (5 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) XPS survey spectral of BFO-CTO samples and b) Atomic percentages obtained from XPS measurements for BFO-CTO composite samples.

sample are slightly shifted to the higher energy than
40BFO-60CTO and 50BFO-50CTO samples. The presence
of both metallic bismuth (Bi(0)) and Bi2O3 (Bi

3+) can be explained
by the possibility that as the BFO to CTO content ratio increases,
the Bi3+ ions may be gaining electrons to transition into metallic
bismuth (Bi(0)).
Similarly, Figure 4c and Figure S5c,i (Supporting Informa-

tion) shows narrow-band deconvoluted Ti 2p XPS spectra, in
which two distinct peaks are observed. The peaks that occurred
at 457.5 and 464.6 eV are ascribed to the Ti 2p3/2 and Ti 2p1/2
levels of Ti3+.[25] This suggests that titanium sesquioxide (Ti2O3)
dominates in the BFO-CTO nanocomposite samples. The O 1s

XPS spectra exhibit a prominent peak at 528.5 eV and a shoul-
der peak at 529.8 eV, depicted in Figure 4d and Figure S5d,j
(Supporting Information). This 528.5 and 529.8 eV peaks are at-
tributed to oxygen within the oxide lattice and surface hydroxyl
(OH) groups, respectively.[26] In this study, the C 1s peak was
utilized for binding energy calibration, with the peaks at 284.1,
285.3, and 287.8 eV corresponding to C─C bonds, C─O bonds,
and O─C═O bonds, as illustrated in Figure 4e and Figure S5e,k
(Supporting Information).[27] Figure 4f and Figure S5f,l (Sup-
porting Information) illustrate the high-resolution spectra from
Fe 2p with doublet spin-orbit splitting Fe 2p1/2 and Fe 2p3/2.
The binding energies from Fe3+ 2p3/2 and Fe

2+ 2p3/2 have peaks

Figure 4. X-ray photoelectron (XPS) spectra of 60BFO-40CTO a) high-resolution scan of Ca 2p, b) high-resolution scan of Bi 4f, c) high-resolution scan
of Ti 2p, d) high-resolution scan of O 1s, e) high-resolution scan of C1 1s, and f) high-resolution scan of Fe 2p.

Adv. Funct. Mater. 2025, e07692 e07692 (6 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Electrochemical performances of the developed ECs. a) CV of BF4CT6 cell, b) CV of BF5CT5 cell, c) CV of BF6CT4 cell, d) Combined CV at
1 mV S−1, e) log peak current versus log scan rate for all three devices f) schematic representation of the ion distribution around large grains in the
electrode for 40BFO-60CTO.

centered at 709.8 and 711.3 eV, respectively.[28] The Fe 2p XPS
spectra of BFO-CTO samples show distinct satellites at 718.4 and
732.1 eV, which are indicative of Fe3+ photoemission observed in
Figure 4f and Figure S5l (Supporting Information).[29] The Fe2+

satellite was observed to have a binding energy of 712.8 eV from
the 40BFO-60BFO (Figure S5f, Supporting Information) sample,
which closely aligns with the reported value from magnetite.[30]

The presence of both Fe2+ and Fe3+ species from the composite
nanoparticles may be attributed to the existence of different ox-
ides and hydroxides.

2.2. Electrochemical Characterization of Symmetrical EC

Cyclic voltammetry (CV) analysis was carried out for the symmet-
ric devices BF4CT6-EC, BF5CT5-EC, and BF6CT4-EC to evalu-
ate the best performance of the composite electrode. Figure 5a–c

presents the CV curves for these devices across scan rates ranging
from 1 to 1000mV s−1. In all devices, ions are reversibly stored in
the electrode, as indicated by the nearly rectangular shapes of the
CV curves and their mirror-image current responses upon volt-
age reversal. This behavior is particularly evident at high scan
rates.[31] During the electrochemical reaction, small reduction
peaks are visible for all three devices at low scan rates, such as
one mV s−1 which is marked in Figure 5d. This is due to the in-
tercalation and deintercalation of ions into the core of the elec-
trode at a low scan rate. These peaks disappear at a high scan
rate, and the CV curve shows more pseudo-rectangular shapes
as given in Figure S6a,b (Supporting Information). Furthermore,
we noticed that the changes in the ratio of BFO and CTO lead
to variation in the peak current and area under the CV curve,
as observed in Figure 5d,e. With the increase in the scan rate,
the peak current for all devices was increased and is shown in
Figure 5e. The electrode with 60BFO-40CTO shows a high peak

Adv. Funct. Mater. 2025, e07692 e07692 (7 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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current due to more electrode-electrolyte interaction. The hy-
drophilic nature (Figure 2i–l) and the observed crystalline surface
(Figure 2a–c) of this prepared electrode, there is an enhanced in-
teraction between the electrolyte and electrode materials, which
leads to enhanced ion interaction as schematically represented in
Figure 5f for 40BFO-60CTO. A similar schematic representation
for 60BFO-40CTO is given in Figure 1h, for 40BFO-60CTO in
Figure 2f and for 50BFO-50CTO in Figure S7 (Supporting In-
formation). In the 60BFO-40CTO electrode, we observed a struc-
turally oriented large number of different sizes and shaped parti-
cles withmultiple pores, as given in Figure 2g. During the electro-
chemical reaction, ions interact with all the particles, as shown in
Figure 1h, leading to an enhanced ECSA for ion storage. The high
conductivity (Figure 1g) and excellent wettability (Figure 2k) of
the 60BFO-40CTO electrode further contribute to the increased
ECSA. Additionally, a higher percentage of BFO improves ion in-
tercalation and deintercalation into the electrodes, enhancing the
electrode’s stability and ability to handle higher currents.[32]

The influence of the electrode surface has a significant contri-
bution to the energy-storing performances of the perovskite ma-
terials, as confirmed by theCV analysis. The ECSAof an electrode
is calculated from the double-layer capacitance using the equa-
tion ECSA = CDL/Cs, where Cs represents the sample’s specific
capacitance or the capacitance of an atomically smooth planar
surface of the material per unit area under identical electrolyte
conditions. Even though the smooth and planar surface of the
electrode is significant for the measurement of Cs and ECSA,
the printed film does not exhibit a smooth surface here. How-
ever, specific capacitances have been measured for a variety of
metal electrodes in acidic and alkaline solutions, with typical val-
ues ranging from Cs = 0.015-0.110 mF cm−2 in H2SO4 to Cs =
0.022-0.130 mF cm−2 in NaOH and KOH.[33] Here, we consider
the Cs value 0.022 mF.cm−2. The double layer capacitance (Cdl)
was determined by analyzing the slope of a linear regression be-
tween current density differences (∆j/2 = (ja-jc)/2) in the middle
of the potential window of CV curves and scan rates, as given in
Figure S8 (Supporting Information). The variation of measured
ECSA of the three devices is shown in Figure 5g, which reveals
a high value for 60BFO-40CTO-based electrodes. Due to these
high performances, the BF6CT4-EC give a high specific capaci-
tance of 2.79 mF.cm−2 (calculated using Equation S5, Support-
ing Information) compared to the other two devices, as shown in
Figure 5h. The specific capacitance of all devices decreased with
increasing scan rate, as shown in Figure 5h. The energy density of
these devices was measured using the expression in Equation S2
(Supporting Information) and plotted in Figure S9 (Supporting
Information). Here, the BF6CT4-EC shows a high energy density
of 0.14mWh cm−2 compared with BF5CT5-EC (0.08mWh.cm−2)
and BF4CT6-EC (0.03 mWh.cm−2). The diffusion of ions leads to
a high charge storage contribution in BF6CT4-EC compared to
the two other devices, as shown in Figure 5i, which is measured
using the expression Equation S9 (Supporting Information).
The electrochemical impedance spectroscopy (EIS) data ex-

pressed through the Nyquist plots of the three cells are depicted
in Figure 6a, and their behavior in different frequency ranges
is marked in Figure S10 (Supporting Information). The lower
frequencies region signifies resistive low equivalent series resis-
tance (Rs) and fast interfacial processes, indicating optimal capac-
itance behavior for BFO-CTO cells. The lower frequency region

of the Nyquist plot displays a characteristic straight line with a
slope, which indicates diffusion-controlled Warburg impedance,
which is represented by a 45° line, is related to the movement of
ions between the electrolyte and electrode. This happens when
there’s a delay in ion movement, and the current is controlled
by the diffusion of ions in the electrolyte toward the electrode.[34]

The EIS data from Figure 6a shows that in low frequency, the
magnitude of impedance, both real and imaginary, gives a lower
value for BF6CT4-EC (given in Figure S11a,b, Supporting Infor-
mation), which indicates faster ion diffusion in the electrode.
These plots reveal a large incomplete semi-circle in medium
frequencies for BF4CT6-EC and a small incomplete semi-circle
for the other two devices, indicating Charge transfer resistance
(Rct) in the electrode materials. Due to the high resistance (as
shown in Figure 1g) and low ECSA of the BF4CT6- EC elec-
trode (Figure 5g), it exhibits a high charge transfer resistance
(Rct) value. Hence, as shown in Figure 6a, BF4CT6-EC exhibits
the highest Rct, while BF6CT4-EC demonstrates the lowest. Here,
we observed that increasing the presence of BiFeO3 facilitates
more ion transfer from its crystal lattice, contributing to BF6CT4-
EC having the least charge transfer resistance. In higher fre-
quency regions, the value of Rs becomes significant, asmarked in
Figure S10 (Supporting Information). The zoomed image reveals
a slight variation in contact resistance, which is small and consis-
tent among the three cells, indicating good conductivity and ex-
cellent cell assembly. The Rs encompasses electrolyte ionic resis-
tance, active material intrinsic resistance, and contact resistance
at the active material-current collector interface.
The capacitive behavior of the three cells is further confirmed

through Bode phase angle and impedance plot analysis and is
presented in Figure S12a,b (Supporting Information). The Bode
impedance decreases with increasing frequency, representing
the capacitive nature of the electrode. We noticed that the phase
angle reached a maximum value of −63° for BF6CT4-EC at 10
mHz,which closely resembles the ideal capacitor’s phase angle of
−90°. The real (C′) and imaginary (C″) capacitance components
are estimated and shown in Figure S12c,d (Supporting Informa-
tion) based on the EIS spectra. From these graphs, we observed
BF6CT4-EC exhibit high C′ and C″, which is 0.5 mF.cm−2 and 1
mFcm−2 at 10 mHz and is measured using Equations S6 and S7
(Supporting Information). The magnitude of the capacitance is
shown in Figure S12e (Supporting Information) and ismeasured
by Equation S8 (Supporting Information). The merit of all three
devices was defined by the relaxation time constant (𝜏0), which
distinguishes between resistive and capacitive behaviors. A low
𝜏0 value indicates a high-power posture, which supports the ca-
pacitive property.[35] The value of 𝜏0 is typically calculated using
𝜏0 = 1/fo with a projected phase angle of 450 as capacitive and
resistive impedances are identical here. The time constant calcu-
lated from the Bode plot of 3 cells gives 207.24 ms for BF4CT6-
EC, 138.16 ms for BF5CT5-EC and 37.68 ms for BF6CT4-EC and
is presented in Figure S12f (Supporting Information). The low
relaxation time represents the fast charging and discharging of
the device, and hence, it gives BF6CT4-EC.
The electrochemical properties of the as-prepared electrodes

were investigated further by conducting galvanostatic charge-
discharge (GCD) measurements at various current densities
20, 30, 40, and 50 μA.cm−2 of all the fabricated 3 cells in
Figure 6b (BF6CT4-EC), Figure S13a (Supporting Information)

Adv. Funct. Mater. 2025, e07692 e07692 (8 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Nyquist plots of all the symmetric devices, b) GCD of BF6CT4 -EC, c) Specific capacitance of all the symmetric devices d) Energy density
of all the symmetric devices. e) Capacity retention of BF6CT4-EC, f) Impedance growth of BF6CT4-EC while cycling, g) CV of BF6CT4-EC under various
bending, h) Impedance variation of BF6CT4-EC under various bending and i) Capacity retention of BF4CT6-EC under 400 bending.

(BF4CT6-EC) and S13b (Supporting Information) (BF5CT5-EC).
TheGCDcurves can be used to determine the reversibility of elec-
trode materials during the charging/discharging process. Due to
pseudocapacitive (PC) behavior, the GCD curve distorted from a
symmetric triangle in the lowest current density of 20 μA.cm−2

and is observed for all three ECs. In lower current density, the
ions take more time to penetrate the inner bulk of the electrode
material. Same as observed in the CV analysis. In lower cur-
rent density, electric double-layer capacitance (EDLC) and PC
behavior are visible, which leads to more specific capacitance.
The BF6CT4-EC is showing better specific capacitance in 20
μA.cm−2 ≈0.65 mF.cm−2 and BF4CT6-EC and BF5CT5-EC are
0.32 mF.cm−2 and 0.59 mF.cm−2 respectively. In Figure 6c, it is
visible that specific capacitance decreases with the increase in
current density. The energy density of the 3 devices is shown
in Figure 6d, which is proportional to the specific capacitance
of the cells. The BF6CT4-EC is showing better energy density in

20 μA.cm−2 ≈0.0325μWh. cm−2 and BF4CT6-EC and BF5CT5-
EC are 0.016 μWh.cm−2 and 0.0295 μWh.cm−2 respectively. All
ECs exhibit almost insignificant IRdrops at various current den-
sities, indicating a low internal resistance. This helps in the fast
movement of ions and leads to good power density.[36] The power
density of developed ECs is shown in Figure S14 (Supporting In-
formation) and calculated using the expression Equation S3 (Sup-
porting Information).
Cyclic stability is one of the most critical parameters that re-

flect energy storage performance and define the efficiency of EC,
which can be expressed in terms of specific capacitance and ca-
pacitance retention (%). The cyclic stability of the BFO-CTO elec-
trode in the KOH electrolyte was investigated by repeating GCD
measurements over 6000 cycles with a voltage window of 0 to
0.6 V at a current density of 50 μA.cm−2 is shown in Figure 6e.
The BF6CT4-EC is showing 90% capacity retention after 6000 cy-
cles. The growth of EIS is carried out at different points between

Adv. Funct. Mater. 2025, e07692 e07692 (9 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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6000 cycles, as shown in Figure 6f. The Rct is increased to 1.6
times at 6000 cycles. This increase in the impedance resulted in
the reduction of the capacitance.
The device is subjected to bending degrees of 20° and 40°

to evaluate the flexibility of the EC. Figure S15a (Supporting
Information) shows the flexibility of BF6CT4-EC under varying
degrees of bending. CV, EIS, and GCD are carried out at differ-
ent bending angles. From the CV curve, capacitance increases in
bending angles, as shown in Figure 6g. The specific capacitance
is increased by 3.4 times at 40° bending, this increase is due to
the increase in the contact between the two electrodes. This is also
verified in GCD shown in Figure S15b (Supporting Information),
the increase in the specific capacitance is also due to the reduc-
tion of the resistance and it is shown in EIS analysis in Figure 6h.
When the bendability increases, the contact between two elec-
trodes improves and results in a decrease in the overall resistance
of the device. Furthermore, the device evaluated the cycle stability
at 40° bending at 200 μA.cm−1 and is observed from GCD analy-
sis (the first and last cycles are shown in Figure S15c (Supporting
Information). The BF6CT4-EC shows 72% capacity retention af-
ter 3000 cycles, as shown in Figure 6i. The EIS growth occurs at
various points between 3000 cycles, as illustrated in Figure S15d
(Supporting Information). Over time, the device’s resistance in-
creased, resulting in a decrease in capacitance. The failure mech-
anisms typically involve both the destruction of electrode materi-
als and interface issues.[37] One common failure pathway is the
physical destruction of electrode materials. Under bending, elec-
trodes can develop cracks or even tears at the place of highest
stress. In some cases, the active material of the electrode can be-
come detached due tomechanical fatigue, which not only reduces
the effective surface area for electrochemical reactions but can
also lead to short circuits if the loose particles bridge the gap be-
tween electrodes. Interface issues are another significant source
of failure during static bending. The interfaces between differ-
ent layers, such as between the electrode and the current collec-
tor, or between the electrode and the separator, can suffer from
adhesion loss due to repeated mechanical stress, which creates
high resistance.[37] The bending analysis shows that these ECs
could be integrated into flexible circuits to run low-powered sen-
sors and electronic components for wearables and smart devices.
We have carried out the post-mortem characterization of

BF6CT4-EC. The SEM Figure S16a,b (Supporting Information)
shows the structural variation of the electrode before and after
6000 cycles. Initially, the electrode surface exhibits a granular
structure with well-defined and uniformly distributed particles
with porous structures. After 6000 cycles, the electrode surface
becomes rough and uneven. The particles clump together, and
the porous structure gets reduced. This happens because the re-
peated cycles cause stress, breaking down the material and mak-
ing it less stable.
Also, we carried out pre- and post-FTIR of the BF6CT4-EC

electrode. An Ex-suit FTIR spectrum was measured using the
60BFO-40CTO electrode, both before and after cycling, to an-
alyze chemical changes on the electrode surface. 1The sample
was measured in the wavenumber range from 400 to 4000 cm−1.
Figure S17 (Supporting Information) compares the FTIR spectra
of the electrode before and after cycling, highlighting significant
peaks as shown in Table S6. The peak details are provided in the
supporting information. The elemental mapping was also car-

ried out for the device before and after cycling, and the observed
mapping is shown in Figure S18 (Supporting Information). The
repeatability in performances of three devices evaluated, and it
shows negligible variations as shown in Figure S19 (Supporting
Information).
Further to this, we also measured the leakage current for the

symmetric EC by connecting to a digital multimeter. BFO is
known to behave as a conductive ceramic due to valence fluc-
tuations of “Fe-ions”, i.e., the Fe3+ to Fe2+ transition, in which
oxygen vacancies act as charge carriers, thereby increasing leak-
age current. As a result, the reduced leakage current could be
attributed to the suppression of the valence fluctuation of “Fe”
ions in current BFO-CTO ceramics. The transition of Fe3+ to Fe2+

has been reported in BFO-based ceramics for partial substitu-
tion with analogous ions (Ti, Mn, Al, and Co) type solid solu-
tion compositions. In the presence of CTO, partial substitution of
Ti4+ ions at BFO’s ’Fe’ sites is anticipated to suppress Fe valence
fluctuations, lowering leakage current.[38] The BFO has a leakage
current of 10−4 A.cm−2, which is improved to ≈10−7 A.cm−2 by
doping with manganese.[39] BFO doped with zinc showed a leak-
age current of 0.562 mA.[40] The BF6CT4-EC was charged to the
rated voltage using constant current mode and maintained at the
rated voltage using constant voltage mode for 72 h. The device
exhibited a reduced leakage current of 3 μA.cm−2.

2.3. Electrochemical Characterization of Asymmetrical EC

The electrochemical investigation shows that among the three
symmetrical ECs, the BF6CT4-based electrode exhibited excel-
lent performance. Based on this, we further developed asymmet-
ric EC with 60BF0-40CT0 on one electrode and another electrode
with printed graphite, as shown in Figure 1e, which is named
BF6CT4-G-EC. The CV is evaluated from a scan rate of 1 to
1000 mV.s−1, as shown in Figure 7a. The CV analysis shows that,
as compared to symmetric EC, the asymmetrical devices show
a large CV curve area, as shown in Figure S20a (Supporting In-
formation) for 1 mV.s−1. The specific capacitance measurement
shows that the asymmetric cell has high performance and is 3.5
mF.cm−2 at 1 mV.s−1 and is higher than for BF6CT4-EC, which
is 2.79 mF.cm−2. The variation of specific capacitance with scan
rate for both devices is compared in Figure 7b. This enhance-
ment in the specific capacitance also leads to an increase in the
energy density of the device and is found to be 0.174 μWh.cm−2

for BF6CT4-G-EC and 0.14 μWh.cm−2 for BF6CT4-EC, as shown
in Figure 7c. In addition to this, we also noticed that the chang-
ing electrode configuration leads to enhancement of the ECSA,
and for the BF6CT4-G-EC, its value is 1.059 × 10−3 cm2, which
is 1.73 times higher than for BF6CT4-EC. Moreover, we also
measured the charge contribution for this asymmetric device,
which was higher than that of the symmetric device, shown in
Figure 1i.
Further, the EIS of the BF6CT4-G-EC were carried out, and

the Nyquist plot is shown in Figure 7d. The Nyquist plot shows
that the impedance magnitude is higher for the asymmetric de-
vice than the symmetric device, and for both devices, diffusive
Warburg impedance is observed. The Nyquist plot shows that the
charge transfer and solution resistance are less for BF6CT4-G-EC
than for BF6CT4-EC, which results in more specific capacitance

Adv. Funct. Mater. 2025, e07692 e07692 (10 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. a) CV of BF6CT4-G-EC cell, b) Specific capacitance from CV of BF6CT4-EC and BF6CT4-G-EC’s, c) Energy density of BF6CT4-EC and BF6CT4-
G-EC’s, d) Nyquist plot of BF6CT4-EC and BF6CT4-G-EC’s, e) Phase angle of BF6CT4-EC and BF6CT4-G-EC’s, f) GCD of BF6CT4-G-EC’s, g) Specific
capacitance from GCD of BF6CT4-G-EC’s, h) GCD at 20 μA.cm−2 of BF6CT4-G-EC and BF6CT4-EC and i) Specific capacitance from GCD of BF6CT4-EC
and BF6CT4-G-EC’s.

and faster charging and discharging. The Bode impedance and
phase angle plot for these two devices are shown in Figure S20b
(Supporting Information) and Figure 7e, and they show similar
behavior. The GCD analysis of the asymmetric device BF6CT4-
G-EC is shown in Figure 7f and shows better specific capaci-
tance than the symmetric BF6CT4-EC shown in Figure 7g. From
this capacitance, the energy and power density were measured
for various current densities of the asymmetric device and are
shown in Figure S20c,d (Supporting Information). The asym-
metric device exhibits energy density and power density of 0.036
μWh.cm−2 at 20 μA.cm−2 and 0.12 mW.cm−2 at 50 μA.cm−2. The
combined GCD at 20 μA.cm−2 of BF6CT4-G-EC and BF6CT4-
EC is shown in Figure 7h, which has a specific capacitance of
0.73 and 0.65 mF.cm−2 respectively. The capacitance value of
each current density of symmetric and asymmetric devices is in
Figure 7i.

3. Conclusion

Here, we have demonstrated the application of perovskite ma-
terial (1-x) BiFeO3- xCaTiO3 (x = 0.4,0.5,0.6) (BFO-CTO) as
an electrochemical capacitor. We synthesized the BFO-CTO in
3 different ratios of 40-60, 50-50, and 60-40 through solid-state
reaction and the prepared composite was printed on a flexible
graphene sheet for the development of EC. From the crystalline
properties through the XRD analysis, we noticed that a BFO and
CTOwas successfully formed in these compositions. Further, the
morphological analysis, such as SEM images, predicts that the
60BFO-40CTO composite has multiple small-sized grains com-
pared to another composite’s big grains. The multiple different-
sized grain particles are easily involved in electrochemical re-
actions and lead to an enhanced ECSA of 0.611 × 10−3 cm2.
Among the 3 ECs, it was observed that 60BFO-40CTO have better
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electrochemical properties due to its high conductivity, wettabil-
ity and crystalline properties and the high ECSA value. Further
XPS analysis confirmed the mixture of metallic bismuth and bis-
muth oxide composite, which strongly contributed to the stor-
age of BFO-CTO energy. The symmetric BF6CT4-EC exhibited
a specific capacitance of 2.79 mF.cm−2 at 1 mV. S−1 has a good
cycle stability of 90% after 6000 cycles. Also, it performed well
under 20 and 40degree static bending and showed 72% capac-
ity retention after 3000 cycles under bending 40 degrees. Com-
pared with the symmetric EC, the asymmetric device with elec-
trode configuration of 60BFO-40CTO versus graphite has a spe-
cific capacitance of 3.5 mF cm−2 at 1 mV−1. Further, the GCD
analysis of the asymmetric EC exhibits energy density and power
density of 0.036 μWh.cm−2 at 20 μA.cm−2 and 0.12 mW.cm−2 at
50 μA.cm−2. These values show the potential implementation of
the BFO-CTO perovskite for low or ultra-low-powered (nW-μW)
flexible and portable electronics applications.

4. Experimental Section
Preparation of Active Material: The active material (1-x) BiFeO3-

xCaTiO3 (x = 0.4, 0.5, 0.6), abbreviated as (1-x)BFO-xCTO, based ce-
ramic systems were synthesized using analytical-grade raw chemicals of
Bi2O3, Fe2O3, CaCO3, and TiO2 through a conventional solid-state re-
action method. Stoichiometric amounts of the dry raw powders were
weighed and ball-milled for 6 h at a rotation speed of 300 rpm with a ball-
to-powder weight ratio of 10:1 with Y2O3-stabilized ZrO2 grinding media
in isopropanol. The mixed powders were then calcined at 800 °C for 2 h
and subsequently ball-milled again for 6 h before sintering. The dry pow-
ders were uniaxially pressed into pellets with a diameter of 8 mm and then
sintered at 1150–1250 °C for 3 h in the air. After sintering, the pellets were
crushed into powders using a mortar and pestle. XRD analysis of the pow-
ders was performed using a Bruker D8 ADVANCE with CuK𝛼 radiation (𝜆
= 1.5406 Å).

In the present study, BFO - CTO with three ratios of 40-60%, 50-50%,
and 60-40% and graphite (Merk) was used as the active materials for sym-
metric and unsymmetrical cells. Each active materials (80%) are mixed
with a binder, ethyl cellouse (10%) (Sigma aldrich) and a conductive filler,
carbon black (10%) (Alfa Aesar), in a solvent, terpinol (Sigma aldrich),
with 25% loading separately. The slurry was coated on a graphene sheet
current collector (Graphene supermarket) with an area of 1 cm2 and a wire
attached to it for making a connection outside. Before coating the active
materials, the graphene sheet was attached to a flexible plastic sheet by
using insulating paste and heated at 80 °C for 30 min. For strong adhe-
sion of active materials on the graphene sheet after coating the materials
heat heat-treated in an oven at 80 °C for 30 min. In the fabrication pro-
cess, several strategies were implemented to maximize adhesion between
active materials, current collectors, and flexible substrates. The slurries
used for the electrode were optimized in terms of viscosity, solvent selec-
tion, and binder concentration to ensure uniform coverage and strongme-
chanical adhesion upon drying. The two identical active materials coated
electrodes were sandwiched with a separator and aqueous electrolyte. Cel-
lulose cloth was used as a separator. 6 m KOH (Sigma Aldrich) in DI wa-
ter was used as an electrolyte. It has high ionic conductivity, allowing ions
to move more freely, which facilitates faster charge and discharge cycles.
The high concentration of free-moving K+ and OH− ions facilitates effi-
cient charge transfer in the bulk electrolyte and at the electrode-electrolyte
interface. The ability of EC to achieve fast charge and discharge rates de-
pends on their high ionic conductivity, which qualifies them for high-power
output applications. The high ionic conductivity results in lower internal
resistance, which reduces energy losses due to heat generation and en-
ables efficient energy storage. It was a sensible option for many applica-
tions because it raises fewer safety and environmental issues. BF4CT6,
BF5CT5, and BF6CT4 are cells fabricated using three different composite

activematerials (Table S3, Supporting Information). The device fabrication
schematic is provided in the Figure S1 (Supporting Information).

Material and Electrode Characterization: Scanning electron mi-
croscopy (SEM), mainly used for particle morphology screening, was
carried out with a TESCAN-VEGA 3 scanning electron microscope at a
working distance of 15 mm and an accelerating voltage of 20 kV. For the
BFO-CTO electrodes, the SEM was taken at 2000 times and 4000 times
magnification. For the graphite electrode, images were taken at 6000
magnification. SEM of before and after cycling electrode took with Hitachi
S-4800 Cold Field Emission High-Resolution Scanning Electron Micro-
scope. The energy-dispersive X-ray (EDX) of the electrode sample was
also carried out using the same experimental setup. Fourier Transform
Infrared Spectroscopy (FTIR) was conducted using a Perkin Elmer Frontier
FTIR machine. The Raman spectroscopy of the BFO-CTO electrode was
measured using the Renishaw inVia Raman Microscope, which has a
488 nm diode excitation source and a power of 25 mW. The sample was
positioned on the mounting stage, and spectral data was collected using
a 50X objective. An XPS analysis was performed with the Thermo Scien-
tific K-alpha X-ray Photoelectron Spectrometer (Thermo Scientific, East
Grinstead, UK) and survey spectra with a broad energy range and multiple
elements were obtained. BFO-CTO powdered and electrode were cast
into Al discs and held in place on SEM stubs with double-sided carbon
tape. The surface sample underwent decontamination by exposure to
clusters of Ar gas containing ≈1000 atoms per cluster at an energy level of
4 keV for 60 s. The scans were conducted between -5.0 and 1350.0 eV, with
a dwell time of 50ms, a step size of 1.0 eV, and a pass energy of 200.0 eV.
High-resolution carbon 1s (C1s) and BFO-CTO powdered samples were
obtained utilizing a 40 eV pass energy and a 0.1 eV step size. The narrow
band spectra of each element were attained using a monochromatic Al
K𝛼 X-ray source with an output energy of 1486.6 eV and a maximum
X-ray beam spot size of 400 μm. The spectral analysis was performed
using CasaXPS software (CasaXPS Ltd, Teignmouth, UK). Major element
peaks were identified and analyzed based on the Handbook of X-ray
photoelectron spectroscopy. The Shirley-type background was employed
to analyze all the high-resolution spectra and then fitted with Gaussian
components.

Furthermore, the contact angle was measured with Ossila (Goniome-
ter L2004A1) equipment. One drop of electrolyte was added to the top of
the electrode separately, and the image was captured by its software (Os-
sila Contact Angle v3.1.2.2). The picture was captured at 10 s and 10 min
after the electrolyte dropped. The sheet resistance of the electrode is mea-
sured by Ossila (T2001A4) four-probe measurement. The measurement
was taken at different areas of the electrode by using the Ossila software
(Ocilla Sheet Resistance Lite v1.0.4.1). The VESTA tool was used to visu-
alize the crystalline structure of CTO and BFO materials.

Electrochemical Characterization: To explore the application of the
BiFeO3 - CaTiO3 electrode as a promising EC, the electrochemical char-
acterizations were performed with cyclic voltammetry (CV), Galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy
(EIS) measurements. The CV was taken at different scan rates, from
1 mV.s−1 to 1000 mV.s−1. GCD is taken at different current rates, and EIS
was recorded from 10 mHz to 100 kHz. These electrochemical charac-
terizations were carried out by Ivium equipment. The operating potential
was taken as 0 to 0.6 V. To determine the electrochemical performance of
the electrode as an EC, the data were analyzed from the electrochemical
characterization technique by using the equations given in the Support-
ing Information. To evaluate the device’s performance in gel electrolyte,
experiments were also carried out in BF6CT4 with PVA-LiCl and the de-
tails are provided in the Supporting Information with device properties
(Figure S21, Supporting Information). The static bending was carried out
by the device mounted on the surface of 2 bottles with diameters of 1.6
and 2.7 cm, with 40 and 20 degrees, respectively. Adhesion of the active
electrode on the current collector was evaluated through bending testing
and electrochemical cycling under deformation. The devices show stable
performance over repeated bending conditions, indicating reliable inter-
face integrity. The leakage current measurement of the device was car-
ried out by charging to the rated voltage (0.6 V) using constant current
mode and maintaining at the rated voltage using constant voltage mode
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for 72 h. The current showing after 72 h was the leakage current of the
device.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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