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Developing advanced smart energy storage devices demanded new functional materials to store energy effec-
tively and deliver power quickly. In this work, we studied the energy-storing performance of perovskite material,
lanthanum ferrite (LaFeO3s), prepared by the solid-state reaction method. The screen-printed LaFeO3 and graphite

Ez::‘(/)siites electrodes are used to develop hybrid supercapacitors (HSCs) with KOH electrolyte. Varying the sintering
PEDOT: PSS temperature of the LaFeO3 perovskite electrode (800 °C, 900 °C, and 1000 °C) leads to changes in the surface and
Graphite crystalline properties, which impact the electrochemical properties and overall energy-storing performance of

the HSC. The surface of the LaFeOs electrode is modified with organic conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS), which enhances the energy storage of the HSC.
The developed HSC based on LaFeOs, sintered at 1000 °C and surface modified with PEDOT: PSS, exhibited a
specific capacitance of 12.007 mFecm 2 at a current density of 0.075 mAecm 2, This value is two times higher
than (5.874 mFecm 2) without the surface modification of LaFeOs3 at 1000 °C. This study provides valuable
insights into the electrochemical performances of the ABO3 perovskite (LaFeOs) electrodes for the next gener-

ation of portable energy storage devices.

1. Introduction

In an era of advancements in artificial intelligence (AI), the electri-
fication of vehicles and the rapid growth of portable electronics
demanded efficient and sustainable energy storage systems for
balancing energy management. Supercapacitors (SC), or ultracapacitors,
have emerged as a key focus for researchers as an alternative to batteries
due to their ability to charge and discharge rapidly without significant
degradation [1-5]. They offer low-voltage applications and provide
stable performance over a broad operating temperature range, high
power density, long life cycle and utilisation of environmentally friendly
materials for development [2-5]. Among the three major classifications
of SCs such as (i) electrochemical double layer capacitor (EDLC), (ii)
pseudocapacitor (PC), and (iii) hybrid supercapacitor (HSC), the HSC
exhibited high performances as compared to EDLC and PC [6]. In HSC,
two different types of electrodes were used as active electrodes in their
fabrication [7]. The device’s cathode uses a battery-type or
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pseudocapacitive material to enhance energy density, while the anode
employs EDLC materials for high power density. These systems combine
the advantages of batteries—higher energy density—with the rapid
power delivery capabilities of SCs [5]. For the fabrication of HSC, so far,
various materials are employed and currently, researchers are focussed
on the development of new sustainable materials for high-performing
HSC fabrication [8].

ABOj3 perovskite materials, which are a type of ceramic, have gained
significant attention in the field of energy storage due to their unique
properties, including a cage-like structure that provides a high surface
area, enabling a more significant number of active sites on the material’s
surface [2,3,9-14]. This, in turn, leads to high specific capacitance,
enabling higher energy storage capacity. They also demonstrate high
thermal and chemical stability and are compatible with various elec-
trolytes, including aqueous and non-aqueous electrolytes, providing
flexibility in design [15-17]. Furthermore, these materials are redox-
active, cost-effective, and free from toxic elements, making them
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Scheme 1. Outline of the research process.

sustainable [2-4]. These benefits, combined with high performance and
fast charge/discharge rates, position ABOj3 perovskite materials as
promising candidates for use in energy storage applications, particularly
in developing high-performance and cost-effective SCs [9,16,18,19].
ABOg perovskite materials also have their disadvantages, such as semi-
conductivity, environmental sensitivity, poor cyclic stability, and low
energy density, impeding their broad implementation [11]. Despite
these drawbacks, the recent recognition of LaFeOs as an effective
perovskite electrode material for SCs is based on its excellent cycling
stability, high discharge current, and capacity [11]. The significant
advantage of LaFeO3 in SC applications is its unique perovskite struc-
ture, which crystallizes in an orthorhombic arrangement that provides a
high surface area and a more significant number of active sites for en-
ergy storage, resulting in high specific capacitance [20]. LaFeO3 can be
synthesized using cost-effective and scalable methods, including solid-
state reactions, and its compatibility with various electrolytes (both
aqueous and non-aqueous) allows for flexible design [21]. The material
demonstrates high thermal and chemical stability, which is essential for

the longevity and reliability of SC. Furthermore, being cost-effective and
free from toxic elements makes LaFeO3 a sustainable option compared to
traditional SC materials [22]. Overall, these factors position LaFeOs as a
promising candidate for high-performance SCs.

In LaFeQgs, the rare earth elements lanthanum (La), iron (Fe), and
oxygen (O) form the crystal structure, which consists of a three-
dimensional network [15]. LaFeOgs crystallises in an orthorhombic
perovskite structure, specifically within the Pnma space group[23]. In
this arrangement, La>" ions are coordinated by eight 0%~ ions, while
Fe3" jons are octahedrally coordinated by six 0% ions, resulting in
corner-sharing FeOg octahedra, creating a cage-like structure [21].
However, the major downside of LaFeOs as an electrode material is its
semi-conductivity, which hinders its ability to produce the desired re-
sults in practical applications. LaFeO3 can conduct both ionic and
electronic charge carriers, making it a mixed ionic-electronic conductor
(MIEC) and a promising candidate for cathode applications [24,25].
LaFeOj3 allows for the accommodation of various cations and the crea-
tion of oxygen vacancies, which enables the material to exhibit both
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Fig. 1. (a) Crystaline structure of LaFeO3 (b) Single-cell structure of LaFeO3 (VESTA used for drawing) (c) Coating of PEDOT: PSS (blue colour) on the top of LaFeO3
electrode (d) Fabrication steps of LFO/PP-HSC. (e) - (g) Schematic of LFO-SSC, LFO-HSC and LFO/PP-HSC.

ionic and electronic conduction [26]. The perovskite structure of LaFeOg
allows for the creation of oxygen vacancies, which can facilitate the
transport of Oz through the crystal lattice. The mobility of these oxygen
ions contributes to the ionic conduction in LaFeOs. As for electronic
conduction, the presence of iron (Fe) in the LaFeOs structure can exist in
multiple oxidation states (Fe>* and Fe**) [20]. This variable oxidation
state of iron allows for the hopping of electrons between the Fe' and
Fe*t sites, which enables electronic conduction in the material [27]. The
ability to conduct both ions and electrons simultaneously allows LaFeO3
to efficiently transport and exchange oxygen at the electrode—electrolyte
interface, enhancing the overall performance and efficiency of these
electrochemical devices [28]. LaFeO3 can also be classified as a transi-
tion metal perovskite because of the presence of Fe and its multiple
oxidation states (Fe3*/Fe?"), which are crucial for electron transfer
properties in electrochemical and catalytic applications [29]. In addi-
tion to its redox activity, LaFeOgs exhibits structural phase transitions in
response to changes in temperature, pressure, and chemical composi-
tion, which substantially impact its electronic and magnetic properties
[15]. The oxidation state of iron promotes conductivity and magnetic

behaviour and allows it to have tuneable semiconductor properties [29].
The rational choice of the components and fabrication methods, rational
design, and attaining proper structural and morphological properties of
electrode materials is crucial for progress in high-performance SC. In
addition, the performance of SCs is heavily influenced by the structure,
porosity, and morphology of electrode materials [30]. Given the semi-
conductivity of pure LaFeOs, previous studies have reported modifica-
tions to its properties that enhance conductivity [11,20,22,31]. In one of
the works, lanthanum ferrite with reduced graphene oxide (LaFeOs/
rGO) composite was prepared for SC development, showing cyclic sta-
bility for 3000 cycles [20]. The modifications of LaFeO3 bulk properties,
including its crystalline, morphology, and surface properties, will lead to
addressing the conductivity and electrochemical limitations for opti-
mizing the overall performance of SCs. In addition, utilization of such
modified LaFeOgs as an electrode of HSC offers several advantages by
combining the benefits of an EDLC and pseudocapacitance mechanisms
with the potential to revolutionise energy storage technology by
improving energy density, power density and overall performance
[5,32,33].
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In this work, we studied the energy-storing performances of newly
screen-printed LaFeO3 perovskite for the next generation of HSC. The
electrochemical and energy-storing performances of the LaFeO3 were
studied for the electrode prepared at different sintering temperatures
and the electrode whose surface was modified using conductive poly-
mer. We followed straightforward, inexpensive and effective methods of
synthesis and deposition, such as the solid-state reaction of simple and
stable oxides and screen printing, which led to the rational use of metals
(in our case, La, Fe, Pt). Scheme 1 represents the research process along
with the image of the printed LaFeOs electrode. The detailed energy-
storing performances of the LaFeOs were fine-tuned by varying the
crystalline and surface morphology by changing the sintering tempera-
ture (800 °C- 1000 °C) while preparing the LaFeOgs electrode. The sur-
face modification of the perovskite electrodes was carried out by
reacting with an organic conducting polymer poly (3,4-ethylene diox-
ythiophene) polystyrene sulfonate (PEDOT: PSS). Here, the conductive
polymer acts as an interlinked conductive layered network, as shown in
the scheme. The PEDOT: PSS enhances energy storage performance
through the formation of an EDLC and pseudocapacitance resulting from
the reaction of conjugated polymers. Based on these electrodes, we
developed two sets of HSCs and a symmetric supercapacitor (SSC),
which consists of set 1 based on LaFeOs (LFO-SSC), set 2 based on
pristine LaFeOs (LFO-HSC) and set 3 based on the LaFeO3/PEDOT: PSS
(LFO/PP-HSC). We found that LFO/PP-based electrodes, in which the
LaFeOs layer was sintered at 1000 °C coated with PEDOT: PSS, exhibit
high performances (12.007 mFecm ™2 at a current density of 0.075
mAecm 2 as shown in the scheme) due to their crystalline structure,
porous surface morphology, high conductivity, and contribution of both
EDLC and pseudocapacitance.

Fig. 1a illustrates the crystalline orthorhombic structure of LaFeO3
perovskite. In contrast, Fig. 1b displays a single unit of the LaFeOs3
structure where black, red, and white spheres denote Fe, La, and O
atoms, respectively. Fig. 1c shows the conductive layered network of
PEDOT: PSS with LaFeOs. Here, for the HSC development, the LaFeO3
acts as a cathode electrode, and graphite acts as an anode electrode. The
fabrication steps of LFO/PP-HSC are shown in Fig. 1d. The schematics of
Fig. le, 1f and 1 g show the comparison of LFO-SSC, LFO-HSC and LFO/
PP-HS. Here, the performances of standalone LaFeOs are discussed via
the fabrication of SSC, and the inclusion of graphite electrodes in HSC
enhances the overall performance and stability of the SC [34]. SCs are
constructed using an electrolyte of 6 M KOH (potassium hydroxide) and
a polyester/cellulose blend separator (Techni Cloth, TX 612)
[21,35-37]. The research introduces an approach by utilizing a pure
LaFeOs-based electrode, which was drop-casted with a conducting
polymer, PEDOT: PSS. This method aimed to enhance the electrode’s
conductivity, leading to improvements in specific capacitance, energy
density, and cyclic stability. These enhancements have promising im-
plications for applying such electrode materials in electrochemical en-
ergy storage devices.

2. Experimental Section/Methods
2.1. Materials and electrode fabrication

LaFeO3 was synthesized using the solid-state reaction method.
Starting oxides LayOs (99.9 %, Sigma-Aldrich) and Fe;Os3 (99.8 %,
Sigma-Aldrich) were mixed in stoichiometric proportions (1:1 M ratio)
and milled for 8 h in isopropyl alcohol using a ball mill (Pulverisette 5,
Fritsch, Germany), agate containers and agate balls. The powder, after
drying, was pressed into pellets, which subsequently were calcined at
1200 °C for 20 h to perform the synthesis. The major advantages of
pelletizing and heating the product rather than treating it in powdered
form are (i) pelletizing facilitates easier handling and reduces material
waste, and (ii) pelletized material allows for a more compact arrange-
ment of grains of the oxides involved. Pressing the mixed oxide reagents
into pellets increases the contact surface area between the grains of two
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reacting oxides, facilitates diffusion in the solid state, and consequently
increases the effectiveness of the solid-state synthesis reaction. Applying
properly synthesized single-phase, pure perovskite material in the
functional layer is crucial for the resulting material properties and de-
vice performance. The synthesized product was ball-milled for 8 h and
used to prepare a thick film paste. The oxide powder was manually
mixed in an agate mortar with a binder (ethyl cellulose) and solvent
(terpineol).

In this work, both SSC and HSCs were developed, and for this, the
active electrodes LaFeO3 and graphite were printed using screen print-
ing (image of the printed electrode shown in Fig. S1). For LaFeOs-based
electrode fabrication, the Al;O3 substrates (96 %, Kyocera) with di-
mensions 10 x 15 mm were covered with conductive thick film from Pt-
based ESL 5542 paste using a screen-printing method and fired at
1000 °C for 15 min (Fig. 1d). Pt serves as current collector in this system
which is used for the efficient charge transfer between the electrodes and
the external circuit with minimized energy losses. Pt is a commonly used
current collector material known for its high electrical conductivity,
structural integrity, and chemical and thermal stability. Then, the pre-
pared LaFeO3; — based paste was screen printed on the previously fired
Pt-based thick film and sintered for 1 hr at 3 different temperatures: 800,
900 and 1000 °C. The surface area of the printed LaFeOs films was
precisely established at the step of designing masks for screen printing
patterns. The shrinkage of the layer at a level 15-20 % could be deter-
mined based on heating microscope studies and using a digital optical
microscope (Fig. S2). Hence, the developed SC electrode size is 1 cm x
1.5 cm, with an actual active area of the electrode of 1 cm? (Fig. S1). For
the hybrid SC, the graphite electrode acts as the anode, and for the
fabrication of this electrode, carbon-polymer paste (DuPont 7102) was
screen printed on the top of the conductive Pt-based layer and subse-
quently cured at 130 °C for 30 min. The steps of fabrication of graphite
and LaFeOs electrodes are given in Fig. 1d. To enhance the performance
of LaFeOs, the conductive polymer was coated on the top of the elec-
trode. For this, the PEDOT: PSS (Ossila M122-1000 ml) and 5 wt%
dimethyl sulfoxide (Sigma-Aldrich) were used to prepare the drop-
casting solution by carefully blending them using a magnetic stirrer
for 15 min. A volume of 5 uL was drop-casted using a pipette and
allowed to spread, forming a thin coated layer over the active material
LaFeOs through surface tension and the force of gravity. After forming a
thin layer, it was dried in an oven for 1 hr at 80 °C and repeated twice.

2.2. Device fabrication

The screen-printed electrodes were connected to external wires by
soldering them onto the current collector (Pt layer). Insulation paste
(TPU Protection Ink — JE Solution) was applied to prevent short circuits,
and the electrodes were dried in an electric oven for 15 min at 80 °C. A
polyester/cellulose blend separator (Techni Cloth, TX 612) and an
aqueous liquid-based 6 M KOH (Sigma-Aldrich) solution were used as
the electrolyte. The separator is placed between the electrodes to sepa-
rate the active area, thereby preventing potential short circuits. Before
device assembly, the separator should be wetted in the electrolyte for 15
min to facilitate electrolytic absorption, ensuring optimal performance.
The high concentration of KOH increases ionic conductivity in electro-
lytes, enhancing charge transfer processes, which is effective for
LaFeOs's performance as an electrode material. The wetted separator
was placed on top of one of the electrodes using tweezers. Subsequently,
the second electrode was positioned on top of the separator to ensure
complete separation of the electrodes. This configuration forms a
sandwich-like structure, creating an electrode-electrolyte-separator-
electrolyte—electrode stack shown in Fig. 1d. Based on the printed
electrodes, we developed two sets of HSCs and an SSC, which consist of
set 1 based on LaFeO3 (LFO-SSC), set 2 based on pristine LaFeO3 (LFO-
HSC), and set 3 based on the LaFeO3/PEDOT: PSS (LFO/PP-HSC) rep-
resented in Fig. 1e-1g. The same printed LaFeOj3 electrodes were used for
an SSC arrangement, while for HSC, printed LaFeOs; and graphite
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electrodes were sandwiched together. Finally, the entire SC stack was
encapsulated with encapsulation material (PVC cling film) to protect the
electrolyte leakage, electrodes, and separator from moisture and me-
chanical damage.

2.3. Material characterisation

Morphological analysis was conducted using Scanning Electron Mi-
croscopy (SEM) with a Hitachi S-4800 Cold Field Emission High-
Resolution Scanning Electron Microscope, conductive material coating
used is palladium (Pd) metal. ImageJ software was used for porosity
calculation from SEM images [38]. The elemental composition and
crystallization were investigated using Energy Dispersive X-ray Spec-
troscopy (EDX) with an Oxford Instruments Inca X-act system connected
to the Hitachi S-4800 SEM. Contact angle measurements were per-
formed using an Ossila contact angle goniometer. X-Ray- Diffractometer
(XRD, Bruker D8 Advnace Eco) was used to analyse the composition
crystal structure (ref. code: 98-015-3536, ICSD code: 153536). Fourier
Transform Infrared Spectroscopy (FTIR) was conducted using a Perkin
Elmer Frontier FTIR machine, capable of mid-IR (8300-350 cm‘l) and

far-IR (700-30 cm"l) analysis, with a maximum resolution of 0.4 cm L

2.4. Electrochemical characterisation

The electrochemical experiments were conducted using a two-
electrode configuration, where the measured voltage is the device
voltage in this setup. The electrochemical characterization Cyclic Vol-
tammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and
Galvanostatic charge—discharge (GCD) was carried out using the elec-
trochemical workstation (IviumStat.h). The CVs were carried out at
different scan rates between 1 mVes ! to 2000 mVes .. The EIS was
taken from lower frequencies (1 mHz and 10 Hz) to a higher frequency
(1 MHz). The GCD was carried out at various current densities respective
to the device at 1 V for HSCs and at 0.8 V for SSCs. HSCs generally have
higher voltage limits than traditional SCs, but the voltage limit for cells
with liquid electrolytes is constrained by the electrolysis of water, which
has a theoretical limit of 1.23 V at room temperature. Aqueous elec-
trolytes in HSCs can often operate slightly above this limit due to
overpotential effects, while the voltage range for SSCs is generally lower
than that of HSCs.



R. Nair et al.

Chemical Engineering Journal 504 (2025) 158781

(a) E Thick film sintered at 800°C : ::;9 (b)l 20 (C) 74
s g g, ;\;\ 100 H é 721 1128
3 8 80 2
;. Thick film sintered at 900°C :C; 1 :C; 70 1062 ¢
Z
] T\ A A = =
g £ 60 € 684 8
e Thick film sintered at 1000°C n 2
S 40 LaFeO, 800°C & 1256| 70
S = ; LaFeO, 900°C — 66 ¥ 592)
L Powder after synthesis at 1200°C 20 | —LaFe0; 1000°C 2159 1533 1011 459
ot SR VI WS, - - : —3 64 ; . :
% 30 40  so s 70 8o 4000 3000 2000 1000 4000 3000 2000 1000

2 Theta (deg)

Wavenumber (cm™)

Wavenumber (cm™)

Fig. 3. (a) XRD of LaFeO3 for 800 °C, 900 °C, 1000 °C and LaFeO3 powder after synthesis at 1200 °C (b) FTIR of LaFeO3 800 °C, 900 °C, 1000 °C (b) FTIR of LaFeO3

with PEDOT:PSS.

The SC’s performances were calculated using CV and GCD tech-
niques [39-41]. The following equation can be used to compute the
capacitance from CV:

Cov =525y 1AV

Where, I is the response of Current (A), V is the potential (V), v is the
Scan Rate (Vos’l), A is the area of active material (cmz), AV is the po-

tential range (V). Capacitance is calculated using GCD as follows:

IAt
Caep ~AAV

Where, I is the applied constant current (A), At is the discharge time
(s), A is the area of active material (m or cm’z), and AV is the discharge
Voltage (V). Energy density in charged SCs is influenced by the capac-
itance of the device and the operating cell voltage. The ED can be
computed using the GCD curve as follows:

1 2
E=,C(aV)
Where C is the total Capacitance (F) and AV is discharge Voltage (V).
Power density is the rate at which the charge is sent to an external
source. The power density can be computed using the GCD curve as
follows:

E
At

Where E is the energy density, and At is the discharge time.

3. Results and Discussion
3.1. Morphological and structural analysis

The SEM image of the LaFeOj3 sintered at 800 °C, 900 °C and 1000 °C
are shown in Fig. 2a to 2c, revealing notable structural changes. The
SEM reveals a rough uniform distribution of crystalline LaFeOg particles.
In low magnification (1 um), LaFeOs appears as a cluster of particles of
varying sizes, with discernible grain boundaries and agglomerated
particles. Further examination at higher magnifications (5 and 20 um)
shows the presence of individual grains, which are more distinct,
exhibiting rectangular shapes with rough surfaces, and small pores are
visible both within the grains and between them. The findings suggest
that the sintering temperature substantially influences the surface
morphology of the material. For electrochemical energy storage, the
microstructural properties, porosity and electrical conductivity are some
of the critical factors influencing the performance. It was noticed, at
800 °C, incomplete sintering leads to higher porosity and suboptimal
grain connectivity. However, the finer grains result in a larger surface
area, and it will be supportive for electrochemical performance. How-
ever, sintering at 1000 °C results in a well-sintered material with higher
porosity and improved grain connectivity, optimizing both conductivity

and overall performance. This is supported by the SEM images at 1 ym of
LaFeO3 samples sintered at different temperatures, as shown in Fig. 2a
(i), 2b(i) and 2c(i). Phase purity is another crucial aspect, with grain
boundary effects further influencing performances. The 800 °C sample
may contain some impurity phases, while the 1000 °C sample exhibits
high phase purity, thereby enhancing its intrinsic properties. This is
evident from Fig. 2d, which shows the SEM images of the LaFeOs
1000 °C sample taken in the 500 nm range. The 900 °C sample may
suffer from unwanted secondary phases due to incomplete phase for-
mation. Smaller grains in the 800 °C sample increase capacitance, while
the larger grains in the 1000 °C sample reduce grain boundary resis-
tance, thereby improving charge transfer. The 900 °C sample may
exhibit suboptimal grain boundary characteristics [42]. Interfacial
properties with graphite are also vital. The 800 °C sample maintains
reasonable interfacial contact, while the 1000 °C sample achieves
optimal contact, enhancing charge transfer. In contrast, the 900 °C
sample may have less effective interfacial properties due to thermal
stresses.

In the case of the LaFeO3 —1000 °C electrode drop-casted with
PEDOT: PSS, resulting in the formation of small pores on the electrode
surface as given in Fig. 2e and Fig. S3a and S3b in supporting infor-
mation. The SEM imaging confirms that solvent evaporation results in
porosity on the electrode surface, and the pores in the thin layer reveal
the LaFeOg particles. The SEM images provide a clear view of the crystal
formation through the pores, confirming the distinctive rectangular
structure identified as the structure of the LaFeOg particles. The pres-
ence of porosity within the electrode structure also contributes to higher
efficiency, and the calculated porosity percentages are presented in
Fig. 2f. In addition to this, from the SEM image depicted in Fig. S3c, it
becomes evident that the screen-printed graphite electrode exhibits a
homogeneous dispersion of the active material. The electrode’s surface
is not uniformly smooth, exhibiting discernible irregularities, eventually
increasing the surface area and leading to high performance. The
porosity within the graphite electrode structure also contributes to
higher efficiency. We also performed the SEM analysis for a sample
sintered at 700 °C and 1100 °C, and the images are provided in Fig. S4 in
supporting information.

The EDX analysis for LaFeO3 1000 °C confirms the presence of
lanthanum (La), iron (Fe), and oxygen (O) in the material, with weight
percentages of 52.7 %, 21.2 %, and 18.8 %, respectively, and atomic
percentages of 19.2 %, 19.2 %, and 59.68 %, respectively shown in
Fig. S5a. The remaining weight percentage of 7.1 % and atomic per-
centage of 1.85 % are attributed to the current collector, Pt. Further, we
also measured the EDX of LaFeO3 1000 °C /PEDOT: PSS. The EDX
analysis identified the presence of La, Fe, O, S, and Na, with weight
percentages of 25.16 %, 10.73 %, 32.40 %, 22.87 %, and 2.27 %, and
atomic percentages of 5.58 %, 5.92 %, 62.43 %, 21.99 %, and 3.04 %,
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respectively, at the specific spot (Fig. S5b). The remaining weight per-
centage of 6.57 % and atomic percentage of 1.04 % are attributed to Pt,
the current collector.

The contact angle measurements of LaFeO3-800 °C, LaFe03-900 °C,
LaFeO3-1000 °C, LaFeO3-1000 °C/PEDOT: PSS and graphite are shown
in Fig. S6 (a) to S6 (e) for the 6 M KOH electrolyte, and the angle is
observed as 12°, 15.86°, 18°, 51°, & 108°, respectively indicating a
robust surface interaction. This can be attributed to the highly hydro-
philic nature of the LaFeOs surface, which facilitates favourable inter-
action with the electrolyte. After coating the LaFeOs with PEDOT: PSS,
the contact angle increased to 51.18° from 18°, suggesting that the
electrolyte is still suitable for further studies that utilize hydrophobic
electrolyte systems despite being below 90° [43]. This change in contact
angle indicates that the super hydrophilic nature of the LaFeOgs surface
was primarily replaced by the hydrophobic PEDOT: PSS coating.
Although PEDOT: PSS is typically hydrophobic to KOH, the presence of
LaFeOs in the underlying coating alters its properties. This suggests that
the drying solvent creates small pores that allow the electrode to act as a
double layer of PEDOT: PSS and LaFeOs. The combination of the highly
hydrophilic LaFeO3 material and the hydrophobic PEDOT: PSS coating
results in an intermediate contact angle, which is still suitable for the
electrolyte system used in the study. The formation of small pores during
drying further enhances the interaction between the electrode and the
electrolyte.

The X-Ray- Diffractometer (XRD) method was used for the analysis of
the phase composition of the synthesized powder and LaFeOj5 thick films
sintered at 800 °C, 900 °C and 1000 °C. Fig. 3a compares XRD patterns
of thick films sintered at various temperatures (800, 900 and 1000 °C)

and the LaFeO3 powder after synthesis at 1200 °C for comparison. The
Lanthanum ferrite (III) LaFeO3 phase, which crystallizes in the ortho-
rhombic system, space group Pnma, was detected in all samples, inde-
pendently of the sintering temperature. Small amounts of Al,O3
crystalline phase originating from the substrate were identified for the
thick films screen printed and fired on alumina. In addition to the above
studies, a detailed structural analysis of the samples sintered at 700 °C
and 1100 °C was also carried out. It was found that neither lowering the
sintering temperature to 700 °C nor increasing it to 1100 °C causes a
significant change in the phase composition of LaFeOs thick films. The
film sintered at 700 °C was not well sintered in contrast with that sin-
tered at 1100 °C. This was confirmed by observations using a heating
microscope (Fig. S2), which revealed that a distinct shrinking of the
sample started above 900 °C. Comparison of the XRD pattern for the
films sintered at 700-1100 °C was shown in Fig. S7.

Fig. 3b shows the FTIR analysis of screen-printed LaFeOs electrodes
sintered in different temperatures (800 °C, 900 °C, 1000 °C) in the fre-
quency range of 4000 to 400 cm™!. The FTIR analysis of LaFeO3-800 °C
identified a total of 6 peaks in the spectrum. The peak observed in the
range of 400 cm ! to 600 cm™! is attributed to the bending and
stretching vibrations of the Metal-Oxygen (M—O) bond, specifically the
B-O bond in the ABO3 perovskite structure, which is Fe-O in this sample.
[44]. The peaks at 482 cm ! and 531 cm ! indicate a well-organized
material arrangement and the structural stability of the LaFeOs sys-
tem. The absorptions in the fingerprint region (400 cm ! — 500 cm™!)
are comparable to the asymmetric stretching and bending vibrations of
O-M-0O and M—O-M [22]. The M—O stretching vibrations can be
detected in the range of 500 cm ™! to 600 cm ™. The peaks at 482 cm™!
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are associated with the O-Fe-O vibrations of the LaFeO3 compound [45].
The significant vibration of the octahedral FeOg group in LaFeOs is the
Fe-O stretching vibration, which is responsible for the peaks at 531 cm ™!
in the spectra. The pure LaFeO3's IR peak at 954 cm ™! is attributed to the
symmetric stretching vibration of the carbonate, while the peak at
around 1350 cm ™! is due to the asymmetric stretching vibration of the
carboxyl group [46-48]. The increasing temperature leads to similar
peaks with more intensive transmittance data.

Fig. 3c shows that the FTIR spectrum of the LaFeO3-1000 °C/PEDOT:
PSS electrode exhibits a total of 11 peaks in the same frequency range.
The peak at 1533.18 cm™ can be attributed to the C = C stretching vi-
bration of the thiophene ring in PEDOT, a typical peak observed in the
FTIR spectra of PEDOT: PSS and its derivatives [49]. The peak at
1256.72 cm™ can be attributed to the C-O stretching vibration of the
ester group in PEDOT:PSS, suggesting the presence of chemical bonding
between LaFeOs/PEDOT:PSS, which might involve changes in the
conformation of the polymer chains or interactions with the LaFeOs. The
peak at 1164.55 em™ can potentially be attributed to the C-O stretching
vibration in PEDOT:PSS or the metal-oxygen vibration in LaFeOs, as
perovskite materials like LaFeOs often exhibit metal-oxygen vibrations
in the 400-800 cm™ range. The peak at 1128.84 cm™! can be attributed
to the C-O stretching vibration of the PEDOT: PSS layer. The FTIR
spectrum also shows a peak at 1062.09 cm™*, which could be attributed
to the stretching vibration of the S-O bond in the PEDOT: PSS coating, as
this is a typical peak observed in the FTIR spectra of PEDOT: PSS and is
typically found around the 1040-1070 cm™ range. Alternatively, the
peak at 1011.49 cm™! could be due to the stretching vibration of the S =
O bond in the PEDOT: PSS layer, but this assignment is less likely as the
S = O stretching band is typically weaker and appears at a slightly higher
wavenumber, around 1030-1050 cm™! [50]. The peak at 857.42 cm!
can be of the C-H bending vibration of the PEDOT: PSS component. The
peak at 708.14 cm™! can potentially be attributed to the Fe-O stretching
vibration, which is typically observed in the range of 500-700 cm™ for
iron oxides. The peak at 592.89 cm™' can be attributed to the Fe-O
stretching vibration, which is a common vibration observed in
LaFeOs, or the C-S stretching vibration in PEDOT: PSS. The last peak at
459.27 cm™! can potentially be attributed to the metal-oxygen vibra-
tions in the LaFeO3 material.[51]. The inclusion of PEDOT: PSS in the
LaFeOjs electrode has introduced additional peaks in the FTIR spectrum,
which can be attributed to the characteristic vibrations of the PEDOT:
PSS polymer. A significant observation is the disappearance of the strong
absorption band corresponding to the metal-oxygen bonds in the
modified electrode. This finding suggests that the electrode modified
with PEDOT: PSS exhibits enhanced conductivity and an increased
presence of organic compounds. The absence of the metal-oxygen peak
indicates that the PEDOT: PSS coating alters the chemical environment
at the electrode surface, potentially leading to improved electrode per-
formance. The enhanced conductivity provided by the PEDOT: PSS layer
facilitates efficient charge transport within the electrode material. The
presence of additional organic compounds originating from the PEDOT:
PSS coating likely contributes to the improved electrode performance.

3.2. Electrochemical characterization

Electrochemical properties of SSC and HSC: Prior to characterizing
the electrochemical performances of HSC, an initial analysis was carried
out for the SSC device. Here the device SSC is symmetrically designed,
with its anode and cathode composed of screen-printed pure LaFeO3
(sintered at 800 °C). While analysing the CV curves of the SSC, we
observed that, the development of pseudo capacitance with a half-quasi-
rectangular shape as shown in Fig. 4a. However, there are no exact
mirror image current responses, and the reduction peak is nearly at the
baseline, accompanied by fluctuations resembling noise. This suggests
that the device lacks high capacitance or energy density, possibly due to
the poor formation of a surface reaction on the device [52,53]. This is
further compounded by the fact that pure LaFeOs is semi-conductive.
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This contributes to poor CV performance, but half quasi-rectangular
shape showcases that the LaFeO3 has considerable potential for good
pseudo-capacitive performance, higher stability, and sustainable
behaviour [54,55]. Further to this, the CV curves of the HSC device (here
LaFeOs sintered at 800 °C) are shown in Fig. 4b. The CV of HSC shows
stability and a large area under the scan voltage range, which means
higher specific capacitance compared to SSC. To compare the perfor-
mance of HSC and SSC, Fig. 4c presents the CV response of both devices
at a scan rate of 50 mVes™! at 0.8 V. Upon analyzing these curves, it
becomes evident that HSC shows an excellent CV response, with nearly
symmetrical current profiles during both oxidation and reduction pro-
cesses. Furthermore, HSC displays a larger polynomial area covering
oxidation and reduction processes, indicating superior capacitive per-
formance and SSC exhibits a poor polynomial area with a nearly flat
curve. The specific capacitance of HSC, measured at this scan rate is 7.1
mFecm ™2, which is 5 times higher compared to SSC, which has a specific
capacitance of 1.37 mFecm™2. When we calculate the specific capaci-
tance and peak current in Fig. 4d and Fig. S8a respectively, it’s clear that
HSC has good characteristics in terms of this specific capacitance
compared to SSC. Additionally, the maximum peak current values for
HSC (Fig. S8a) reach a higher peak of 2.37 mA, which is significantly
greater than the peak current of 0.48 mA observed for SSC at a scan rate
of 1000 mV.s~ . This supports the HSC’s ability to efficiently store and
release charge. Furthermore, the stability of CV curves of HSC is note-
worthy, oxidation and reduction curves are stable which suggests that
the device’s performance remains consistent over time. This means the
device HSC is overall stable and reliable.

The GCD curves of HSC and SSC in different current densities are
demonstrated in Fig. 4e and Fig. S8b, respectively. The comparison of
GCD curves for HSC and SSC at a current density of 0.25 mAecm 2 re-
veals specific capacitance values of 0.25 mFecm 2 for SSC and 27.28
mFecm 2 for HSC, indicating that the specific capacitance of HSC is
almost 100 times larger than that of SSC, as shown in Fig. S8c. The GCD
curves of SSC have higher voltage drops and poor reversibility compared
to HSC, which is reflected in the capacitive contribution presented in
Fig. 4f. Sudden discharge can be found in SSC, it can be due to the in-
ternal resistance of the device SSC. The internal resistance may lead to
poor performance and cause more heat while charging and discharging
[56]. The energy density and power density of both HSC and SSC were
measured and plotted in Fig. S8d. The highest energy density for HSC is
1.4284 pWhem ™2, while for SSC, it is significantly lower at 0.01223
puWhem 2. In terms of power density, HSC achieves 76.75 pWem ™ 2
compared to SSC’s 31.45 pWem 2, It can be concluded that the current
density is inversely proportional to the capacitance and energy density
and directly proportional to the power density [57].

The electrochemical impedance spectroscopic (EIS) measurements
were carried out within the frequency range of 10 Hz to 1 MHz. Fig. 4g
and 4 h present the Nyquist and Bode plots resulting from the EIS,
respectively. In the high-frequency region of the Nyquist plot, the
equivalent series resistance (ESR) was determined to be 0.12 Q for SSC
and 0.03 Q for HSC. Upon analyzing the Nyquist plot, it is noted that SSC
demonstrates relatively high impedance, in the higher frequency range,
suggesting that the electrodes hinder the effective movement of ions
through the pore structures. In EIS, the ESR refers to the impedance
resulting from the resistance of the electrolyte and the flow of current
through it. In HSC, a small visible semi-circle formation in this plot
suggests the presence of charge transfer resistance and the inclined line
at 45° indicates the Warburg impedance, confirming the diffusion of
ions into the pore of the electrode material and the formation of the
electric double layer [58]. In contrast, HSC shows a significantly lower
impedance window compared to the other two devices, indicating lower
contact resistance between the electrode and electrolyte interfaces.
Analysing the Bode plot (Fig. 4h), SSC and HSC exhibit phase shift re-
sponses that closely approximate the ideal capacitive phase shift of
—90°. HSC demonstrates an increasing phase shift, having a maximum
declination of —56.8° which is a contribution between the capacitive
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plots of the devices.

and pseudocapacitive (faradaic) behaviours, and SSC has a declining
phase shift having a maximum declination of —64.3° which is compar-
atively closer to capacitive behaviour. EIS analysis predicts that HSC
exhibits high capacitance as compared to SSC, as shown in Fig. 4i.
Influence of sintering on electrochemical properties of LFO-HSC: As
per the previous studies, it was found that compared with SSC, the HSC
in which the cathode LaFeOs sintered at 800 °C and a screen-printed
graphite anode were used, had better performances. The extended
study investigates how the sintering temperature of the LaFeOs elec-
trode (800 °C, 900 °C, and 1000 °C) affects the electrochemical per-
formance. Fig. 5a shows the CV response of the HSCs fabricated using
the electrodes LFO-800 °C, LFO-900 °C, and LFO-1000 °C at a scan rate
of 10 mVes™! for 1 V. The specific capacitance values measured at this
scan rate of LFO-800 °C show a specific capacitance of 3.93 mFecm 2,
LFO-900 °C has a specific capacitance of 1.47 mFecm 2, and LFO-
1000 °C exhibits a specific capacitance of 6.52 mFecm 2. The curves
have an almost quasi-rectangular shape, indicating a nearly mirror-
image current response at higher scan rates. Notably, LFO-1000 °C
—based HSC stands out with the highest peak current and the largest
area under the CV curve, suggesting superior performance among the
three devices. The variation of the CV curves with different scan rates for
LFO-1000 °C HSC is given in Fig. 5b and similar for LFO-800 °C and LFO-
900 °C are given in Fig. S9a and S9b. Examination of the peak current

reveals that LFO-1000 °C has a wider peak current window compared to
the other two devices, as shown in Fig. 5c. The maximum peak current
value of LFO-800 °C reaches a peak current of 0.689 mA, LFO-900 °C
achieves a peak current of 0.518 mA, and LFO-1000 °C attains a peak
current of 1 mA. LFO-1000 °C maintains relatively consistent peak
current values across different scan rates, indicating its independence
from scan rate variations. The specific capacitance values calculated
from the CV curves further support this observation shown in Fig. 5d.
The GCD curves of the LFO-800 °C, LFO-900 °C, and LFO-1000 °C
devices at different current densities are presented in Fig. S9c, S9d, and
Fig. Se respectively. To facilitate direct comparison, the GCD curves of
LFO-800 °C, LFO-900 °C, and LFO-1000 °C at a current density of 0.25
mFecm 2 reveal specific capacitance values of 2.39 mFecm ™2 for LFO-
800 °C, 0.97 mFecm 2 for LFO-900 °C, and 5.88 mFecm 2 for LFO-
1000 °C shown in Fig. 5f. The GCD curves for all three devices display a
distorted linear triangular shape, indicative of their capacitive charac-
teristics. The GCD curves of the LFO-900 °C device exhibit a higher
voltage drop and poorer reversibility compared to the LFO-800 °C and
LFO-1000 °C devices. This is reflected in the lower capacitive contri-
bution of the LFO-900 °C device as shown in Fig. 5g. This lower per-
formance is also confirmed in CV analysis, and it could be due to the
surface morphology variation of the materials and could be found from
the SEM analysis in Fig. 2. Each GCD cycle shows a small IR drop, which
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can be attributed to the contact resistance between the electrolyte and
the active electrodes. The LFO-900 °C device demonstrates a faster
discharging rate, with a large IR drop. Comparing the LFO-800 °C and
LFO-1000 °C devices, the LFO-800 °C device exhibits a longer dis-
charging time, as observed in the comparison graph (Fig. 5f). At lower
current densities, the capacitance of the LFO-1000 °C device is domi-
nant, while at higher current densities, the LFO-800 °C device exhibits a
slightly higher capacitance. When considering the energy density and
power density obtained from the GCD curves in Fig. S10, the LFO-
1000 °C device demonstrates a higher power and energy density
response compared to the other two devices. The highest energy den-
sities for LFO-800 °C, LFO-900 °C, and LFO-1000 °C are 0.24 pthm’z,
0.11 pWhem ™2, and 0.71 pWhem ™2, respectively. Regarding measured
power density, for LFO-800 °C it is 31.91 pWem ™2, for LFO-900 °C is
33.63 pWem 2, and for LFO-1000 °C is 34.95 pWem ™2,

The EIS measurements were conducted in the frequency range of 1
mHz to 1 MHz, and the results are presented in Fig. 5h. Analysis of the
Nyquist plot reveals that the LFO-1000 °C device exhibits a compara-
tively higher impedance window, indicating higher resistance in the
system. In contrast, the LFO-900 °C device displays a relatively lower
impedance at lower frequencies. Notably, the LFO-800 °C device dem-
onstrates a significantly lower impedance window compared to the
other two devices, suggesting a lower contact resistance between the
electrode and the electrolyte. ESR obtained from the higher frequency
region shows that LFO-800 °C has an ESR of 0.8 Q, LFO-900 °C has an

10

ESR of 1 Q, and LFO-1000 °C has an ESR of 0.1 Q. The lower ESR of LFO-
1000 °C indicates improved electrical conductivity and reduced resistive
losses in the device. Examination of the Bode plot given in Fig. 5i shows
that all three devices, LFO-800 °C, LFO-900 °C, and LFO-1000 °C,
exhibit a good phase shift response, with the values relatively close to
the ideal capacitive phase shift of —90°. Among the devices, LFO-800 °C
and LFO-1000 °C demonstrate the highest phase angles, measuring —64°
and —62°, respectively. This indicates a more balanced contribution
between the capacitive and pseudocapacitive (faradaic) behaviours in
these devices. In contrast, LFO-900 °C follows with a phase angle of
—70°, suggesting a more dominant capacitive behaviour compared to
the pseudocapacitive contribution. The lower impedance and higher
phase angles observed in LFO-800 °C and LFO-1000 °C indicate
improved electrode—electrolyte interactions and a more balanced utili-
zation of the capacitive and pseudocapacitive charge storage mecha-
nisms, which can contribute to enhanced energy storage and power
delivery capabilities. Upon further analysis, it is observed that the per-
formance parameters of the LFO-1000 °C device align more closely with
the desired characteristics, exhibiting both higher energy density and
power density, thereby striking a balanced overall performance. Hence,
the electrochemical characteristics show that the performance order of
LaFeO3 HSC is observed as LFO 1000 °C > LFO 800 °C > LFO 900 °C. In
addition to this, we also tested a new device that was fabricated using
LaFeOs sintered at 1100 °C. After conducting an electrochemical anal-
ysis, it was concluded that the 1100 °C sintering temperature is less
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favourable than the LFO-1000 sample, as demonstrated in Fig. S11 in the
supporting information.

Influence of conductive polymer coating on the top of LFO: In the
previous section, the LFO-1000 °C HSC exhibited superior performance.
In this study, the LaFeO3 1000 °C electrode was surface-modified with
conducting polymer PEDOT:PSS to improve energy storage capabilities.
Fig. 6a shows the CV curve for LFO/PP-HSC by varying the scan rate
from 1 to 2000 mVes ™! across a potential range of 0 to 1 V. The distinct
peaks in the CV graph are more visible at lower scan rates (shown in
Fig. 6b) compared to higher scan rates. At lower scan rates of 1—10
mVes ™, the CV graph shows clear anodic and cathodic redox peaks. This
is because slower scan rates allow enough time for the electrochemical
processes to reach equilibrium. This enables the clear separation and
observation of the distinct redox peaks associated with the pseudoca-
pacitive behaviour of the lanthanum ferrite. The lower scan rate pro-
vides ample time for the ions to move in and out of the electrode
materials, allowing the redox reactions to be fully reflected in the CV
curve. The graph has a distorted rectangular shape with these peaks,
producing mirror-image current responses. The positive peak in the CV
graph corresponds to the redox reactions occurring at the lanthanum
ferrite with PEDOT: PSS cathode. The lanthanum ferrite component can
undergo reversible redox reactions, where the metal ions change their
oxidation states during charging and discharging [59]. The addition of
PEDOT: PSS enhances the pseudocapacitive behaviour and improves the
electrochemical performance of the cathode. The redox reactions at the
cathode contribute to the pseudocapacitance, leading to the positive
peak. The negative peak in the CV graph is associated with the EDL
behaviour of the graphite anode. During charging, the graphite anode
stores energy by forming an EDL, a non-faradaic process. Adding
PEDOT: PSS to the lanthanum ferrite cathode further enhances the
pseudocapacitive behaviour and improves the energy storage perfor-
mance of the HSC. The PEDOT:PSS component provides additional
redox-active sites and enhances the conductivity of the cathode mate-
rial, leading to better charge storage and charge transfer kinetics. These
two distinct peaks in the CV graph indicate the well-formed hybrid na-
ture of the energy storage mechanism in the LFO/PP- HSC. Higher scan
rates result in faster electrochemical processes, causing the redox peaks
to become less distinct or even disappear. The pseudocapacitive con-
tributions from the metal oxide cathode become more intertwined with
the EDLC behaviour of the carbon anode. At higher scan rates, the ion
diffusion kinetics within the electrode materials cannot keep up with the
rapid changes in the applied potential, leading to a more capacitive-like
response in the CV curve. The distinct redox peaks are suppressed, and
the CV curve may exhibit a more rectangular shape, characteristic of an
EDLC-dominated behaviour. This device’s stable and high-performance
characteristics are evident from the cyclic voltammogram, which shows
a large area under the scan voltage range, suggesting relatively high
specific capacitance and peak current. The CV curves of LFO-1000°C
HSC and LFO/PP- HSC were compared at a scan rate of 10 mVes ,
shown in Fig. 6¢. The analysis reveals that LFO-1000°C HSC exhibits no
mirror-image currents, a small oxidation peak, and a relatively smaller
polynomial area in the CV curve. In contrast, the PEDOT: PSS coated
LFO displays a larger area under the polynomial curve, mirror-image
current responses, and distinct oxidation and reduction peaks. This is
reflected in the specific capacitance, where LFO/PP-HSC measures
13.68 mFecm 2, which is double that of LFO-1000 °C HSC, which has a
specific capacitance of 6.52 mFecm 2. The maximum peak current
values for LFO/PP-HSC (Fig. S12a) reach a peak of 1.79 mA, which is
higher than the peak current of 1 mA observed for LFO-1000 °C HSC at a
scan rate of 1000 mVes L. These features are indicative of superior LFO/
PP- HSC performance. The comparison of the peak currents (Fig. S12a)
and specific capacitance (Fig. 6d) derived from the CV curve analysis
demonstrates that the LFO/PP HSC exhibits a higher peak current
response and specific capacitance.

Fig. 6e represents the GCD curves for LFO/PP-HSC in different cur-
rent densities. The resulting GCD curves displayed a distorted linear
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triangular shape, indicating the device has the capacitance character-
istics of an HSC. The 0.05 mA current exhibited a higher discharge rate,
suggesting faster charging and slower discharging. This implies the de-
vice has the potential to provide high energy density and power density.
The formation of the charging and discharging curves is very similar to
that of a battery-like GCD curve. Each GCD cycle showed an IR drop,
which is attributed to the contact resistance between the electrolyte and
the active electrodes. The comparison of the GCD response in Fig. 6f at a
current of 0.075 mAecm 2 shows both the LFO-1000 °C HSC and LFO/
PP-HSC materials exhibit a distorted triangular shape in their GCD
curves, which is a common characteristic of HSC. However, the LFO/PP-
HSC has a longer discharge duration compared to the LFO-1000 °C based
HSC. This observation is evident in the specific capacitance values
presented in Fig. S12b, derived from the GCD analysis. The LFO/PP-HSC
demonstrates a higher specific capacitance of 12.01 mFecm?, in contrast
to LFO-1000 °C, which shows a specific capacitance of 5.87 mFecm? at a
current density of 0.0075 mAecm? When evaluating the energy density
and power density characteristics derived from the GCD curves, LFO-
1000 °C displays a lower energy density 0.71 pWhecm 2 and power
density 82.4 pWecm ™2 compared to the LFO/PP-HSC which is 1.41
pWheem 2 and 378 pWecm ™2, respectively shown in Fig. 6i. The
modification of the LFO-1000 °C material, likely through the incorpo-
ration of PEDOT:PSS, has addressed this semi-conductivity and enabled
the LFO/PP-HSC to demonstrate a significantly higher energy density
while maintaining relatively good power density performance.

The EIS analysis conducted in the frequency range of 1 mHz to 1 MHz
revealed notable differences between the LFO-1000 °C HSC and LFO/
PP-HSC. The Nyquist plot, Fig. 6g analysis shows that LFO-1000 °C
HSC exhibits a significantly lower impedance window, indicating a
lower contact resistance between the electrode and electrolyte. But, the
LFO/PP-HSC material displays a larger impedance window, suggesting
higher resistance in the system. However, the ESR obtained from the
higher frequency region is found to be negligible for both LFO-1000 °C
HSC and LFO/PP-HSC. Specifically, LFO-1000 °C has an ESR value of
0.11 Q, while LFO/PP-HSC exhibits an ESR value of 0.207 Q. These low
ESR values indicate minimal resistance in the overall system, leading to
lower energy losses and improved power delivery capabilities. These
observed values are slightly varied with the values observed from the
equivalent fitting circuit of the EIS data as shown in Fig. S13 and
Table S1. The Bode plot analysis of the phase shift response in Fig. 6h
reveals both LFO/PP-HSC and LFO-1000 °C HSC exhibit a sinusoidal
wave-like behaviour, which can be attributed to the combination of
EDLC and pseudocapacitive contribution. The phase angle first de-
creases due to the dominance of the capacitive behaviour, then increases
due to the inductive behaviour, and finally decreases again as the
capacitive behaviour becomes dominant at higher frequencies. Notably,
the formation of the peak in the phase angle is slightly larger for LFO/
PP-1000 °C compared to LFO-1000 °C which is 64.8° and 62.52°
respectively, indicating that the inductive behaviour of LFO-1000 °C is
not as strong. This suggests that the LFO/PP-HSC still exhibits a more
desirable phase shift response, reflecting its enhanced capacitive
behaviour and overall superior performance. This establishes the LFO/
PP HSC as a superior performance compared to the LFO-1000°C HSC.
The distinct differences observed in the electrochemical characteristics
between the two materials suggest that the modifications made to the
LFO-1000 have significantly improved its electrochemical performance
and suitability for high-performance supercapacitor applications.
Hence, due to the semiconductor properties, the electrochemical
behaviour is significantly improved with the introduction of PEDOT: PSS
as a coating in LFO, which enhances overall conductivity and stability,
facilitates better electron transport and increases the active surface area
available for ion interactions. Additionally, the PEDOT: PSS can
participate in redox reactions, providing extra charge storage mecha-
nisms while acting as a binder that maintains structural integrity during
cycling. This combination results in faster charge/discharge rates,
improved cycling stability, and a longer lifespan, making this HSC
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Fig. 7. Cyclic stability of the LFO/PP-HSC (a) Capacitive retention, (b) EIS variation in different cycles, and (c) GCD variation in different cycles.

configuration a promising advancement in energy storage technology.
Further, to investigate the electrochemical and energy-storing perfor-
mances of the HSCs, individual electrodes such as LFO/PP and graphite
were investigated using 3-electrode measurement system and are dis-
cussed in supporting information along with Fig. S14.

Cyclic stability is one of the most crucial parameters that reflect
energy storage device lifespan, which is expressed in terms of capacity
retention (%). The cyclic stability of the LFO/PP-HSC in 6 M KOH
electrolyte was examined by repeated GCD measurements over
7000 cycles with a voltage window of 0 to 1 V at a current density of
200 pAecm ™2 The LFO/PP-HSC is showing around 60 % capacity
retention after 7000 cycles, shown in Fig. 7a. The EIS growth is carried
out at different points between cycles, as shown in Fig. 7b. The imped-
ance’s real and imaginary parts increase as cycling decreases due to
electrode and electrolyte degradation. This increase in the impedance
resulted in the reduction of the device capacity. The variation in the
discharging curve at different cycles during long charging discharging is
shown in Fig. 7c. To investigate the electrode surface variation and
device performances during long charging and discharging, we
measured 10,000 cycles for a new batch of HSCs, and the observed
performances are given in Fig. S15. The observed first and last 10,000
GCD cycles are given in Fig. S15a and the observed capacitive retention
are given in Fig. S15b. The LFO/PP-HSC shows around 67.8 % capacity
retention after 10,000 cycles, as shown in Fig. S14b (we noticed some
minor variations in retention for the sample prepared in different
batches, which could be due to surface property changes). We observed
notable changes in the electrode surface morphology before and after
long charging-discharging. Fig. S15c represents the SEM image of the
electrode before electrochemical characterisation. We observed that the
material’s surface properties varied after long charging-discharging.
Small material clusters are formed which could be found in SEM im-
ages in Fig. S15d after the 10,000-cycle test due to electrode — electrolyte
interaction.

4. Conclusion

In this work, we studied the energy-storing performances of LaFeO3
perovskite for the next generation of energy storage. We investigated the
electrochemical performances of LaFeOs with the fabrication of a sym-
metric supercapacitor (SSC) and hybrid supercapacitor (HSC). Here, for
the HSC development, the LaFeO3 acts as a cathode electrode, and
graphite acts as an anode electrode. To analyze the energy storing per-
formances, we sintered the LaFeOs at three different temperatures
(800 °C, 900 °C, and 1000 °C), which led to varying the bulk properties
and also surface treated with a conductive polymer (Poly(3,4-ethylene
dioxythiophene) polystyrene sulfonate (PEDOT: PSS). Based on these
electrodes, we developed two sets of HSCs and an SSC, which consist of
set 1 with LaFeO3 (LFO-SSC), set 2 with pristine LaFeOs (LFO-HSC), and
set 3 based on the LaFeO3/PEDOT:PSS (LFO/PP-HSC). We observed that
the LaFeOs sintered at 1000 °C shows high performances, and the
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densities for HSCs based on LFO-800 °C, LFO-900 °C, and LFO-1000 °C
are 0.24 pWh.cm ™2, 0.11 pWh.cm ™2, and 0.71 pWh.cm ™2, respectively.
Further, with surface modification using the conducting polymer, the
LFO/PP-HSC exhibits a higher specific capacitance of 12.01 mF.cm ™2
compared to LFO-1000 °C, which has a specific capacitance of 5.87
mFecm ™2 at a current density of 0.0075 mAecm ™2 When evaluating the
energy density and power density characteristics derived from the GCD
curves, LFO-1000 °C displays a lower energy density of 0.71 pfWhecm 2
and power density of 82.4 pWecm 2 compared to the LFO/PP-HSC,
which is 1.41 pWhecm 2 and 378 pWeem ™2 respectively. These find-
ings contribute significantly to the development of more efficient and
effective energy storage technologies using perovskite materials. The
studies reveal that the ABO3 perovskite demonstrates exceptional elec-
trochemical properties, including high specific capacitance and excel-
lent rate capability, attributed to its distinctive structure, inherent redox
activity, and rapid ion diffusion properties.
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