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ARTICLE INFO ABSTRACT

Keywords: Supercapacitors are important for advanced energy storage because they have high power density, fast charge-
Supercapacitors discharge rates, and long cycle life. However, it is difficult to achieve both high energy density and good cycling
Polyaniline

stability. This study introduces a new composite material. It combines polyaniline (PANI) with a hyper-
crosslinked porous polymer (HCP) that includes sulfonyldianiline (SOAM) and cyanuric (Cy) blocks. The
PANI@SOAM-Cy HCP composite has a high surface area and good porosity for ion transport and charge storage.
PANI adds pseudocapacitance. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) characterize the electrochemical properties. The PANI@SOAM-Cy HCP
composite achieves specific capacitances of 678 F g and 325 F g™* at 1.0 A g in a three-electrode setup and a
symmetric coin cell, respectively. The coin cell reaches an energy density of 45.14 W h kg™ at a power density of
500 W kg™ and maintains 17.73 W h kg at 10,000 W kg'. The composite also shows good cycling stability,

Hyper-crosslinked porous polymers
Cyanuric units
Composite materials

keeping 81.89 % of its initial capacitance after 5000 cycles at 10 A g™’

1. Introduction

Supercapacitors have attracted much of interest over the past few the
years, thanks to their high-power density, quick charge-discharge ca-
pabilities, and long cycle life, underlining their potential as alternatives
for various energy storage systems [1]. However, it is still the difficulty
in attaining high energy density besides preserving outstanding power
density and cycling stability [2-5]. There are frequently issues with
specific capacitance and long-term stability with conventional materials
utilized in supercapacitors, such as active carbon or oxides of transition
metals [6]. Hence, it becomes essential to create new electrode materials
which may surpass beyond these constraints [7-9].

The prominent conducting polymer polyaniline (PANI) has been
thoroughly studied for utilization in supercapacitors thanks to its high
pseudocapacitance, convenience in manufacture, and durability in na-
ture [10-12]. In spite of these benefits of PANI, the expansion and
contraction of the chain throughout charge-discharge cycles induces
poor cycling stability of those PANI-based supercapacitors, whereby in
turn may trigger cracking and capacitance depletion [13-16]. For the
purpose to tackle these shortcomings, chemists took a look at a number
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of ways to improve PANI’s efficiency, such as integrating PANI with
other materials to formulate composite frameworks [17,18]. Notably,
PANI exceeds both Poly(3,4-ethylenedioxythiophene) (PEDOT) and
(Polypyrrole) PPy in providing the highest specific capacitance due to its
redox activity. While both PEDOT and PPy offer better mechanical
flexibility, PANI stands out with its superior charge storage capabilities
within composites [11].

Hyper-crosslinked polymers (HCPs) are crucial owing to functional
and molecular attributes in an array of sophisticated technologies
[19-21]. HCPs features by their extensive crosslinking, which derive a
porous and stable network structure [22-24], thus for multiple pur-
poses, such as adsorption, catalysis, and energy storage, considerable
porosity they offer a significant surface area [25-28]. In terms of
supercapacitors, HCPs have a number of notable benefits. Their large
surface area provides functional ion adsorption and desorption,
improving the electrochemical efficacy of electrode substrates [29-33].
With a diversity of pore diameters, the hierarchical pore design of HCPs
assures swift ion flow and reduces resistance, facilitating
charge-discharge processes and ultimate capacitance [34-36]. Since
HCPs resist a wide range of chemical and temperature conditions, they
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are the optimal option for harsh settings where dependable service is
essential [37-39]. Furthermore, the flexibility of integrating HCPs with
different chemical groups enables the customization of their features to
fit specific use criteria [40].

The 4-[(4-aminobenzene)sulfonyl]aniline (SOAM) considers as
crucial building block for supercapacitor electrodes, contributing
effectively to the net activity of energy storage devices [41]. The sul-
fonyl groups in SOAM introduce high polarity and motivate an improved
ionic conductivity, which is essential for dynamic charge transfer within
supercapacitors [42,43]. Additionally, the aromatic structure of SOAM
enhances the material’s stability and its ability to form conjugated sys-
tems, which are essential for maintaining conductivity over long term
turns. When incorporated into HCPs and combined with conductive
polymers like PANI, SOAM blocks contribute to a synergistic effect that
motivates the overall capacitance and durability of the nanocomposite
[44]. The presence of SOAM in the supercapacitor’s matrix ensures a
robust framework that can endure the repeated swelling and shrinking
cycles during charge-discharge processes, thus improving the device’s
long-term durability and effectiveness. This makes SOAM a valuable
component in the design of advanced supercapacitors, aimed at
achieving higher energy densities, faster charge-discharge rates, and
longer operational lifespans.

By integrating PANI with an HCP incorporating SOAM and cyanuric
blocks, we expect combination of the high conductivity and pseudoca-
pacitive properties of PANI with the robust, porous nature of the HCP.
Through harnessing the strongest aspects of both components, the
innovative composition may create an electrode material that is
extremely effective at storing energy while maintaining structural
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integrity. The incorporation of HCPs into this synthetic material may
guarantee an improved electrochemical stability along with perfor-
mance, rendering them promising for the advancement of future energy
storage systems such as supercapacitors. To the best of our knowledge,
there has been no previous study that has been conducted the pairing of
PANI with HCP together to serve supercapacitor. The intent of this
innovative integration is to investigate the potential features of coupling
PANI’s conductive and pseudocapacitive qualities plus the extensive
surface area and hierarchical porosity of HCPs. The considerable
crosslinking of HCPs is prevalent for producing a highly porous network
that offers a large number of potential sites for ions adsorption and ac-
celerates ion flow. On the other hand, PANI is esteemed for its strong
pseudocapacitive properties and remarkable conductivity, both of
which raise the total capacitance of the entire electrode. Thus, our
objective is to combine the advantages of both materials to create a
composite that performs better electrochemically by integrating PANI
into HCP containing Cy and SOAM blocks. It is anticipated that this
novel technique produces a material with uplevels of energy and power
densities, along with exceptional turning stability and rate powers. The
lack of earlier studies on this mix emphasizes how new our findings are
and how they might drive the emergence of advanced energy storage
devices.

In the current work, we designed the pristine PANI, SOAM-Cy HCP,
and PANI@SOAM-Cy HCP nanocomposite (Scheme 1) and then fully
characterized and discussed comparatively together using advanced
instruments of FTIR, XPS, BET, TGA, TEM. Importantly, the
PANI@SOAM-Cy HCP nanocomposite shows the intended molecular
structure, albeit little surface area up to 38.31 m? g, spherical
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Scheme 1. (a)The synthesis design of the SOAM-Cy HCP, and PANI@SOAM-Cy HCP and (b) the polymerization of pristine PANL
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morphology, as well as higher thermal stability recording char yield up
to 44 wt.%. At the meantime we investigated their electrochemical
performance in a three-electrode system, plus symmetric configuration
of a coin cell utilizing a variety of methods, such as cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS), to assess their capacitive behavior,
cycling stability, and charge transfer resistance. Our results demonstrate
that the PANI@SOAM-Cy HCP composite exhibits a significant
improvement in particular capacitance, as well as energy and power
densities up to 678.93 F g™! and 94.27 Wh Kg™! compared to the pristine
PANI or SOAM-Cy HCP. Moreover, the PANI@SOAM-Cy HCP composite
demonstrates outstanding cycling stability, retaining uplevels of specific
capacitance and coulombic efficiency after 5000 cycles up to 81.89 %.
The coin cell system integrated the PANI@SOAM-Cy HCP exhibits a
particular capacitance of 325.00 F g™* at current density of 1 A g™}, Our
study opens the door toward designing of forefront energy storage sys-
tems with better electrochemical properties and long-term durability by
tackling the shortcomings with traditional PANI-based supercapacitors.

2. Experimental section
2.1. Synthesis of SOAM-Cy HCP

In a pyrex tube, cyanuric chloride (742 mg, 4.1 mmol) was dissolved
in 15 mL of dichloroethane under 5 °C. After that, the 4,4-sulfonyldia-
niline (1.49 g, 6.15 mmol) solved in 15 mL of DCE was stirred for 24 h
under ambient temperature. Later, the Lewis acid of the AlCl3 (10.5 pL,
0.012 mmol) was inserted prior to raising the temperature of the
mixture to 100 °C under refluxing conditions for consecutive 3 days. The
mixture was allowed to cool to RT then the precipitate was filtered as
well rinsed successively with methanol, acetone, and THF then it was
dried under evacuee at 60 °C to yield white color with a yield of 92 %.

2.2. Synthesis of polyaniline

Typically, 0.2 mol 1! aniline and 0.25 mol 1" APS were dissolved in
0.1 M HCl to prepare the standard PANI as reported et al., [45]. Typical
PANI salt that had precipitated was collected onto filter paper and then
vacuum-dried at 70 °C. To deprotonate PANI salt (PANI base), an excess
of 0.1 mol I'! ammonia was administered.

2.3. Synthesis of PANI@SOAM-Cy HCP

In the current study, we selected a 1:1 mass ratio aiming to balance
PANI’s pseudocapacitance with the HCP’s porous network for optimal
synergy between conductivity, ion transport, and structural stability.
While higher PANI content could enhance conductivity, excessive
loading risks pore blockage and reduced electrolyte accessibility,
whereas higher HCP content might compromise conductivity despite
improved porosity. Generally, an ultrasonicate device was used to
disperse 0.5 g of SOAM-Cy HCP in 100 mL of 0.1 M HCl. Subsequently
insertion of 0.5 g (37 mmol) of aniline. Ammonium peroxydisulfate
(0.438 g, 1.9 mmol in 50 mL of 0.1 M HCI) was inserted after the mixture
had been agitated for two hours and allowed to cool in an ice bath. It
became apparent to let the aniline polymerize overnight. After centri-
fuging, the PANI@SOAM-Cy HCP salt nanocomposite (doped form) was
re-dispersed in a 1 M HCl solution and centrifuged again. The
PANI@SOAM-Cy HCP was immersed in 0.1 M ammonia solution to
deprotonate it to the matching base (dedoped) form, which was then
filtered and vacuum-dried at 70 °C.

3. Results and discussion
To design novel SOAM and Cy incorporated HCP we utilized the

common Friedel-Crafts protocol in the presence of AlCl3 as a Lewis acid.
Notably, the amino group in SOAM is not directly involved in the
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reaction with cyanuric chloride. Otherwise, the reaction occurs at the
aromatic ring, which is the site of the acylation driving the SOAM-Cy
HCP (Scheme 1). On the second step, we polymerized the aniline onto
the surface of this SOAM-Cy HCP resulting the PANI@SOAM-Cy HCP
composite (Scheme 1a). For clear visualization, we also polymerized the
pure aniline separately (Scheme 1b) as previously reported [46,47]. The
pristine PANI, SOAM-Cy HCP, and PANI@SOAM-Cy HCP have been
physically characterized and compared utilizing those advanced tech-
niques of FTIR, XPS, BET, TGA, SEM, and TEM. Moreover, their elec-
trochemical performances have been investigated by those validated
techniques of CV, GCD, and EIS with deep analyses.

3.1. FTIR profile

The PANI’s FTIR record (Fig. la) reveals the N—H stretching vi-
bration, which plays a role in the visible sign at 3450 cm™. Additionally,
the C=C stretching patterns of the quinoid and benzenoid units assume
responsibility for the bands at 1588 cm™ and 1490 cm’!, respectively.
Further signs at 1382 cm! are caused by the G—N stretching vibration,
1299 em’! by the C—N stretching vibration of the 2nd arylamine, 1140
cm™ by the C—H in-plane bending vibration, and 823 cm™ by the out-of-
plane C—H bending vibration of the para-disubstituted benzene ring.
These data correspond closely with those released [48]. Throughout the
FTIR track of the SOAM-Cy HCP, the stretching vibrations of such aro-
matic C—H signals are exhibited at wavenumbers of approximately
3026 cm'’! and at 1600 cm™ points for aromatic C=C bonds. Moreover,
such visible band at 1615 cm™ (Figs. 1a) assumes the C=N bonds.
Additionally, the stretching vibrations bond of S=O are visible at 1111
em’! [49].

Interestingly, the FTIR profile of the SOAM-Cy HCP considers the
first evident for the successful crosslinking and connection of the SOAM-
Cy HCP. For the PANI@SOAM-Cy HCP’s nanocomposites, the bands at
1109 cm™ verify that SOAM is present in this innovated nanocomposite.
Further, the C—C of the stretching modes of the quinonoid and benze-
noid units within the PANI chains are attributed to the signals at 1593
and 1499 em™}, respectively. Furthermore, the C—N stretching vibration
in the (Q-B-Q) unit and the vibration of the 2nd arylamine are attrib-
uted to the signals at 1382 cm™. The SOAM-Cy HCP’s absorption signs at
1111 cm™ slightly moved to 1109 em’, showing that the SOAM-Cy
HCP’S=0 units participated in the crosslinking that led to the creation
of the PANI@SOAM-Cy HCP nanocomposite. Furthermore, the stretch-
ing vibration of N—H based PANI which is responsible for an apparent
signal at 3450 cm™! shifted to 3459 cm™! also indicates that N—H units
take part in this formation of the current nanocomposite. All together
assume the hydrogen bonding between the SOAM-Cy HCP, and PANI
deriving the successful formation of the PANI@SOAM-Cy HCP com-
posite. The solid-state 13C NMR of those as-designed PANI, SOAM-Cy
HCP, and PANI@SOAM-Cy HCP nanocomposite displays characteristic
signals in the range from 143 to 114 ppm, which reveals to the aryl C=C
and C=C—H carbons (Fig. 1b). Moreover, those SOAM-Cy HCP and
PANI@SOAM-Cy HCP composite exhibits an additional peak at 153
ppm, revealing the C-S units of the SOAM molecules (Fig. 1b).

3.2. XPS measurements

To deeply illustrate the fundamental structure of PANI, SOAM-Cy
HCP, and PANI@SOAM-Cy HCP surfaces along with their respective
electronic configurations, we utilized the XPS instrument. Within the
current study, the PANI solid’s chemical pattern is confirmed by clearly
visible high resolution XPS signals of Cls, N1s, and Ols (Fig. 2 and
Fig. S1). A total of three bands arises by the deconvolution of the Cls
pulse from the PANI sample (Fig. 2a). These bands represent various
forms of carbon, including sp? carbon particles (C=N, 285.5 eV), sp>
carbons linked oxygen (C—O, 284.8 eV), and sp2 carbon (C=C, 284.1
eV). Otherwise, the N1s response of the pristine PANI shows a single-
molecule peak at 399.08 eV imply for C—N-H units (Fig. 2b) [50-52].
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Fig. 1. (a) FTIR spectra and (b) solid state NMR spectra of PANI, SOAM-Cy HCP, and PANI@SOAM-Cy HCP.
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Notably, the surface of PANI can absorb moisture (HoO) and other
oxygen-containing contaminants from the environment [53]. These
adsorbed species can contribute to the oxygen signal observed in XPS
measurements [33]. Even trace amounts of oxygen from atmospheric
exposure can result in detectable XPS signals [54]. The PANI shows
trioxides at 533.08, 532.18, and 530.92 eV (Fig. 2c), which stand for
hydrated oxygen (H—O-H), C—O, and C = O species respectively.
Considering the innovated SOAM-Cy HCP, the chemical as well as
electronic properties of the compounds can be inferred from the XPS
patterns.

As earlier mentioned, the Cls signs for the PANI divided into three
sections including the sp2 carbons (C—N, 285.5 eV), sp2 carbons bonded
to hydroxyl oxygen (C—O or C-S, 284.82 eV), sp> carbon (C=C, 284.15
eV) in addition to very broad peak at 287.9 eV for the n-n*. Significantly,
the C 1 s state is unable to accurately discriminate between the C-O, C-S,
and C-S-H bonds since their close binding energies (Fig. 2a). Further-
more, the N1s of the SOAM-Cy HCP deconvolutes into couple bands at
400.06 eV and 399.08 eV correspond to N—C of the triazine unit, and
C—N-H of amino groups based the SOAM subunits (Fig. 2b). Further-
more, the Ols deconvolution of the SOAM-Cy HCP shows the similar
three oxides of PANI including an impalpable shift of their binding en-
ergies at 533.08, 532.18, and 530.92 eV (Fig. 2¢), which stand for hy-
drated oxygen (H—O-H), C—0&C-S, and C = O species respectively. The
S2p signal obtained from XPS analysis of the PANI@SOAM-Cy HCP
nanocomposite originated from those sulfonyldianiline units deconvo-
lutes into couple bands of S-O 2p3/2 and S-O 2p1/2 at 168.75 and 167.7
eV, respectively (Fig. 2d). Following the aniline polymerization onto the
surface of SOAM-Cy HCP, XPS of the derived PANI@SOAM-Cy HCP
shows similar signals of Cls to those of the SOAM-Cy HCP. The Cls
peaks divided into four bands at B.Es of 287.90, 285.50, 284.82, and
284.15, corresponding to n-n*, C—N, C—O or C-S, and C—=C, respec-
tively (Fig. 2a).

From quantitative analysis point of view when focus on the Cls
peaks, which typically represent various carbon states in the current
materials. Firstly, considering the fitting analysis based on the FWHM
and area under the peaks (Table S1) for different carbon environments,
the n-n interaction peak at 287.9 eV is present in SOAM-Cy HCP and
PANI@SOAM-Cy HCP but not in PANI alone. The reduction in both
FWHM and area in PANI@SOAM-Cy HCP compared to SOAM-Cy HCP
indicates a lower concentration and less broadening of n-t interactions
when PANI is integrated with SOAM-Cy HCP. This suggests that the
integration process might potentially affect the n-n stacking due to
changes in the polymeric structure or interaction dynamics. The C—N
peak is present in all three samples, with PANI having the largest area
and widest peak. The FWHM and area decrease in PANI@SOAM-Cy HCP
compared to PANI and SOAM-Cy HCP alone. This decrease suggests that
the C—N bonding environment is altered when PANI is incorporated
into SOAM-Cy HCP, possibly due to interaction or blending effects that
reduce the overall number of C—N bonds or their homogeneity.
Furthermore, the C—O and C-S peaks show a slight increase in FWHM
and a significant increase in area for the PANI@SOAM-Cy HCP. This
indicates an increase in these bonding environments when PANI is in-
tegrated with SOAM-Cy HCP. The higher area suggests a higher con-
centration of these bonds, possibly due to new interactions or bonds
formed between PANI and SOAM-Cy HCP components as we earlier
expected from FTIR record. The C—=C peak is present in all samples, with
a slight decrease in both FWHM and area in PANI@SOAM-Cy HCP
compared to the individual components. This suggests that the con-
centration of C—=C bonds is slightly reduced in the integrated material,
which might be due to interactions between PANI and the SOAM-Cy
HCP affecting the overall carbon structure.

Throughout focusing on the couple N1s environments identified as
C=N—H and N—C. The fitting data includes the FWHM and the area
under the peaks for different N1s environments. We observe that the
C=N—H peak is present in all three samples but the PANI has the
highest area (2965.28), indicating uplevels concentration of C=N—H
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bonds in comparison to other samples, the SOAM-Cy HCP shows a lower
area (2266.03) and a narrower peak (FWHM = 1.31), suggesting a lower
concentration of C=N—H bonds and a more homogeneous bonding
environment. Importantly, the PANI@SOAM-Cy HCP has an interme-
diate area (2405.08) and slightly broader peak compared to the SOAM-
Cy HCP but narrower than pristine PANI, indicating that the integration
of PANI with SOAM-Cy HCP affects the N—C—H bonding environment
by slightly increasing the concentration compared to the SOAM-Cy HCP
alone. Otherwise, the aromatic N—C peak is not present in PANI but is
observed in both SOAM-Cy HCP and PANI@SOAM-Cy HCP. The SOAM-
Cy HCP has a smaller area (1589.14) and narrower peak (FWHM =
1.16), indicating a lower concentration of N—C bonds and a more ho-
mogeneous bonding environment but the PANI@SOAM-Cy HCP shows a
similar area (1539.84) but a much broader peak (FWHM = 3.09), sug-
gesting a more heterogeneous bonding environment with the same
concentration of N—C bonds as in SOAM-Cy HCP. The broadening of the
peak indicates that integrating PANI with SOAM-Cy HCP creates a more
complex nitrogen bonding environment. Here we can assume the
hydrogen bonding between those N sites of the SOAM-Cy HCP and H of
PANI strengthening the PANI@SOAM-Cy HCP composite.

Realistically, the S-O (2p3/2) peak is not observed in PANI as ex-
pected but is present in SOAM-Cy HCP and PANI@SOAM-Cy HCP. The
SOAM-Cy HCP shows an area of 681.96 with a FWHM of 1.25, indicating
a moderate concentration of S-O (2p3/2) bonds in a relatively homo-
geneous environment. Otherwise, the PANI@SOAM-Cy HCP shows a
significantly decreasing area up to 138.34, with a slightly broader
FWHM of 1.29. This suggests a much lower concentration of S-O (2p3/2)
bonds in the integrated sample, indicating that the integration process
significantly affects the presence of these bonds. Considering the Ols,
firstly for PANI, the FWHM values for H—O-H, C—O, and C—=O0 peaks
are 1.31, 1.21, and 1.30, respectively, with corresponding peak areas of
1099.12, 1276.94, and 1496.93, indicating notable amounts of oxygen
functionalities. The SOAM-Cy HCP shows FWHM values of 1.15, 0.87,
and 0.86 for H—O-H, C—O0, and C=0, respectively, with larger peak
areas of 1527.63, 1609.43, and 1076.82, reflecting the extensive pres-
ence of oxygen-containing groups. In the PANI@SOAM-Cy HCP com-
posite, the FWHM values for H—0O-H, C—0, and C=O0 peaks are 1.70,
1.17, and 1.19, respectively, with peak areas of 979.43, 1081.03, and
712.04, indicating a reduction in oxygen functionalities compared to the
individual components. These differences in FWHM and peak areas
suggest that the integration of PANI with SOAM-Cy HCP alters the
chemical environment and reduces the number of oxygen-containing
groups, likely due to interactions between PANI and the SOAM-Cy
HCP framework utilizing those S=O units.

Consecutively, the S-O (2p1/2) peak is also not observed in PANI but
is present in the SOAM-Cy HCP and PANI@SOAM-Cy HCP. For the
SOAM-Cy HCP, the area is 614.655 with a FWHM of 0.88, indicating a
moderate concentration of S-O (2p1/2) bonds in a relatively homoge-
neous environment. For the PANI@SOAM-Cy HCP, the area decreases to
154.02 with a slightly narrower FWHM of 0.86. This suggests a signif-
icantly lower concentration of S-O (2pl/2) bonds in the integrated
sample, similar to the trend observed for the S-O (2p3/2) bonds. The S2p
XPS data indicates that the S-O bonding environments are significantly
affected by the integration of PANI with SOAM-Cy HCP. Specifically, the
concentration of S-O bonds (both 2p3/2 and 2p1/2) is much lower in the
integrated sample (PANI@SOAM-Cy HCP) compared to SOAM-Cy HCP
alone. This suggests that the integration process leads to a reduction in
the S-O bonding, assumes due to changes in the chemical environment
or interactions between PANI and the SOAM-Cy HCP components. This
modification can enhance the composite’s electrochemical properties by
optimizing the balance between conductive pathways and active sites
for ion adsorption, making the PANI@SOAM-Cy HCP composite a
promising material for supercapacitor applications.
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3.3. Thermogravimetric analysis

The thermal gravimetric analysis (TGA) data for the PANI, SOAM-Cy
HCP, and PANI@SOAM-Cy HCP (Fig. S2) reveals significant insights into
their thermal properties. The decomposition temperature at 10 %
weight loss (Tg4;¢) for PANI is 304.8 °C, indicating it is the least thermally
stable among the three samples. On the other hand, SOAM-Cy HCP
shows improved thermal stability with a T4;¢ of 325.20 °C. Remarkably,
PANI@SOAM-Cy HCP demonstrates the highest thermal stability with a
Tq10 of 392.7 °C, highlighting the positive effect of integrating PANI
with SOAM-Cy HCP on thermal stability. We assume the increment of
thermal stabilities based the PANI@SOAM-Cy HCP due to the hydrogen
bonding between the forming components as we explained within the
XPS section.

In terms of char yield, which emphasizes the residual after thermal
degradation, PANI exhibits a moderate char yield of 33.5 wt.%. The
SOAM-Cy HCP has a slightly lower char yield at 28.0 wt.%, suggesting
little resistance to thermal degradation compared to PANL Importantly,
the PANI@SOAM-Cy HCP has the highest char yield at 44.0 wt.%,
indicating the best resistance to thermal degradation among the three
samples. This suggests that the integration process significantly en-
hances the material’s resistance to thermal decomposition, resulting in a
higher amount of residue. Thereby, the TGA data clearly demonstrates
that integrating PANI with the SOAM-Cy HCP results in a material with
superior thermal stability and extreme resistance to thermal degrada-
tion, as evidenced by the highest T4qi9 and char yield in the
PANI@SOAM-Cy HCP composite.

3.4. BET analyses

The surface area and porosity data of the PANI, SOAM-Cy HCP, and
PANI@SOAM-Cy HCP composites provide insights into their potential
performance as materials for supercapacitors (Fig. S3a). PANI exhibits
the lowest surface area (22.9 m2/g) and lacks measurable porosity,
indicating limited sites for ion adsorption and charge storage. In
contrast, the SOAM-Cy HCP has a significantly higher surface area
(38.31 m?/g) as well as a substantial pore volume (0.703 cm®/g), with a
range of pore widths (1.191 nm, 2.184 nm, 3.93 nm, and 8.05 nm)
(Fig. S3b), showing a highly porous structure conducive to efficient ion
transport and charge storage. This hierarchical porosity is advantageous
for supercapacitor applications, as it facilitates rapid ion diffusion and
increases the electrode-electrolyte junction area, thereby improving the
capacitance as well as charge-discharge rates.

Upon integrating PANI with SOAM-Cy HCP, the resulting
PANI@SOAM-Cy HCP nanocomposite shows an intermediate surface
area (23.6 mz/g) and a drastically reduced pore volume (0.035 cmg/g).
The pore widths (1.27 nm, 2.25 nm, 7.14 nm, and 9.34 nm) remain
diverse, indicating that some porosity of the former SOAM-Cy HCP is
still retained, and the overall pore volume is significantly decreased.
This result suggests that PANI incorporation leads to the filling or
blocking of some pores, reducing the effective porosity. However, the
retained hierarchical pore structure in PANI@SOAM-Cy HCP could still
facilitate ion diffusion, albeit to a lesser extent than SOAM-Cy HCP
alone. Otherwise, the higher surface area and improved porosity
compared to the pure PANI enhance the PANI@SOAM-Cy HCP ability
for charge storage through electrical double-layer capacitance and
pseudocapacitance mechanisms. Realistically, in supercapacitors, these
structural properties are crucial. The SOAM-Cy HCP’s wide surface area
as well as pore volume provides numerous active positions for ion
adsorption and storage, leading to higher capacitance and faster charge-
discharge cycles. In spite of the lower pore volume the PANI@SOAM-Cy
HCP, it can combine benefits from the blend of electrical conductivity
from PANI as well the hierarchical porous frame of the SOAM-Cy HCP,
potentially resulting in enhanced supercapacitive performance
compared to PANI alone. This composite material could thus offer a
balance between structural integrity, ion accessibility, and electrical
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conductivity, making it a promising candidate for high-performance
supercapacitors.

3.5. Morphology measurements

The TEM images reveal the morphological characteristics for PANI,
SOAM-Cy HCP, and PANI@SOAM-Cy HCP. PANI (Fig. 3a-b) shows an
irregular, aggregated structure with dense regions, indicating a non-
porous material, consistent with its low surface area and little pore
volume. In contrast, the SOAM-Cy HCP (Fig. 3c-d) displays a highly
porous network with varying pore sizes owing to its wide surface area
and fundamental pore volumes. The interconnected, and lighter regions
throughout the visions suggest efficient pathways for ion transport
thereby considers beneficial units for supercapacitor electrodes. The
PANI@SOAM-Cy HCP nanocomposite (Fig. 3e-f) combines features of
both materials, showing areas of dense PANI and porous SOAM-Cy HCP.
Although the PANI@SOAM-Cy HCP nanocomposite retains some
porosity, the limited pore volume indicates partial pore filling or
blockage by the coated PANI. Importantly, this mixed morphology of the
PANI@SOAM-Cy HCP implies that the integration of PANI reduces
overall porosity, thereby enhances conductivity, providing a balance
that can improve supercapacitor performance by combining the
conductive properties of PANI with the porous structure of SOAM-Cy
HCP.

The morphological characteristics of pure PANI, SOAM-Cy HCP, and
the PANI@SOAM-Cy HCP nanocomposite were deeply examined uti-
lizing scanning electron microscopy (SEM). Fig. 3g exhibits the SEM
image of the bare PANI, revealing predominantly jungle-like spherical
structures. In contrast, Fig. 3h illustrates the morphology of pristine
SOAM-Cy HCP, where distinct spherical particles are observed, not
interconnected. Fig. 3i displays the morphology of the PANI@SOAM-Cy
HCP nanocomposite, showing a uniform coating of PANI onto the inner
and outer layers of SOAM-Cy HCP. These observations suggest that the
surface of SOAM-Cy HCP provides ample nucleation sites, which are
advantageous for the continuous growth of the PANI layer, allowing ions
to penetrate deeply into the electrode surface.

The atomic maps of the PANI, SOAM-Cy HCP, and PANI@SOAM-Cy
HCP nanocomposite attribute the dispersion of C, N, O, and S elements
onto their surfaces (Fig.S4a-c). Moreover, the Energy-dispersive X-ray
spectroscopy (EDX) shows the elemental makeup of the PANI, SOAM-Cy
HCP, and PANI@SOAM-Cy HCP nanocomposite (Fig. S5) confirming
those earlier results of the elemental mapping and XPS scans.

3.6. Electrochemical performance

The CV curves for the PANI, SOAM-Cy HCP, and PANI@SOAM-Cy
HCP, estimated in the three electrode configuration using a 0.5 M
H3SO4 electrolyte, providing a crucial insight into the electrochemical
efficacy of these moieties. The CV tracks were recorded at different scan
rates spanning between 5 and 200 mV s! within the potential range of
—0.3 to 0.5V, as depicted in Fig. 4a-c respectively. A quasi-rectangular
shape with some distortion is visible in the CV tracks of the PANI at
higher scan rates (Fig. 4a). It demonstrates the standard action of elec-
tric double-layer capacitance (EDLC) incorporating contributions from
pseudocapacitance. Redox peaks indicate the presence of faradaic re-
actions, which are typical of PANI because of its conductive nature. The
current response shows strong capacitive behaviour as the scan rate
increases, albeit with certain restrictions in the charge transfer kinetics
at uplevels scan rates. On the other hand, the CV tracks for SOAM-Cy
HCP (Fig. 4b) exhibit a more ideal rectangular shape, indicating a pre-
dominant EDLC behavior with minimal pseudocapacitive contributions.
This is consistent with the large surface area and porous frames observed
in the TEM and BET analyses, facilitating efficient ion adsorption and
desorption. Moreover, this limited faradic capacitance of the SOAM-Cy
HCP originates from the redox of the triazine ring as described et al.
[55]. The current response scales linearly with increasing scan rates,
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Fig. 3. TEM scanning at different magnifications (a-f) and SEM visualizations (g-i) of the PANI (TEM: a-b, SEM: g), SOAM-Cy HCP (TEM: c-d, SEM: h), and

PANI@SOAM-Cy HCP nanocomposite (TEM: e-f, SEM: i).

implies excellent rate capability and fast ion mobility throughout the
porous structure of the SOAM-Cy HCP. The minimal disfigurement at
higher scan rates emphasizes the robust electrochemical robustness and
exceptional reversibility within the charge-discharge turns [56,57].

Importantly, the CV curves for the PANI@SOAM-Cy HCP nano-
composite (Fig. 4c) emphasizes an integration of those features observed
in both PANI and SOAM-Cy HCP. The CV curves (Fig. 4c) show quasi-
rectangular tracks have noticeable redox humps, indicative of both
EDLC and pseudocapacitive processes. Notably, such incorporation of
PANI into the SOAM-Cy HCP matrix enhances the faradaic reaction sites,
contributing to the pseudocapacitance while maintaining good EDLC
properties due to the retained porosity [4,58]. Obviously, the current
output clearly improves with scan rate, indicating superior rate capa-
bility and electrochemical functionality in contrast with the standard
PANI. The combination of SOAM-Cy HCP’s high surface area and
porosity with PANI’s conductive pathways delivers a synergistic
outcome that makes the composite an interesting electrode material for
outstanding-performance supercapacitors. Overall, the CV statistics
show that PANI contributes significantly to pseudocapacitive behavior,
while SOAM-Cy HCP gives good EDLC behavior because of its large
surface area as well as porosity. Therefore, the PANI@SOAM-Cy HCP
composite combines the advantages of each component to provide
augmented electrochemical activity by combining pseudocapacitance
with EDLC, which makes it a desirable option for supercapacitor devices.
Thereby, such ability of the PANI@SOAM-Cy HCP composite to main-
tain a high current response across a range of scan rates underscores its
potential for dynamic-rate and improved-capacity energy storage.

The GCD analysis reveals significant and deeper insights into the
electrochemical behavior of the proposed materials (Fig. 4 d-f). Firstly,
the triangular-shaped GCD curves of PANI (Fig. 4d) and PANI@SOAM-
Cy HCP (Fig. 4f), with slight bending, demonstrate the prospect to-
ward significant capacitance utilizing the integration of the fundamental
concepts of EDLC and pseudocapacitance. Otherwise, the SOAM-Cy

HCP’s more linear GCD tracks imply a major contribution of EDLC
characteristic than pseudocapacitance. Furthermore, the longer dis-
charging times of PANI and PANI@SOAM-Cy HCP compared to the
SOAM-Cy HCP suggest higher specific capacitances of formers. The
PANI, SOAM-Cy HCP, and PANI@SOAM-Cy HCP record specific ca-
pacitances of 249.22 F g71, 39.48 F g%, and 678.93 F g™}, respectively
at a current density of 1 A g~! (Fig. 5a), these finding arising those re-
ported porous organic materials as shown in the comparison study of
Table S2. These findings align with the CV statics, demonstrating the
higher electrochemical efficacy of the PANI@SOAM-Cy HCP composite,
which reveals the synergistic conductivity of PANI alongside the large
surface area as well as the porous frame of the SOAM-Cy HCP. Ulti-
mately, the GCD conductions impart the suitability of the PANI@SOAM-
Cy HCP composite for facilitating the rate and capacity within
supercapacitor.

From the porosity point of view of PANI, SOAM-Cy HCP, and
PANI@SOAM-Cy HCP we can provide valuable insights into their po-
tential as supercapacitor materials. PANI’s low surface area and lack of
measurable porosity suggest minimized ion adsorption sites, therefore
primarily relying on surface adsorption for capacitance as a conducting
polymer. Again, in the case of PANI, its low surface area and lack of
measurable porosity indicate that it has limited active sites for ion
adsorption and restricted pathways for ion diffusion. As a result, PANI
suffers limited overall performance in contrast to materials with higher
surface area and porosity. Otherwise, the SOAM-Cy HCP has a large
surface area, substantial pore volume, as well as diverse pore widths
consequently demonstrates a highly porous framework conducive to
efficient ion transport and charge storage, leading to higher capacitance
and dynamic charge-discharge rates. Despite a reduction in pore volume
upon PANI incorporation, PANI@SOAM-Cy HCP retains a hierarchical
pore framework that could enhance ion diffusion and offers improved
capacitance compared to PANI alone. This composite’s balance between
structural integrity, ion accessibility, and electrical conductivity making
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Fig. 4. Cyclic voltammetry sweeps of those PANI (a), SOAM-Cy HCP (b), and PANI@SOAM-Cy HCP composite(c) in the potential range of —0.3-0.5 V under many
sweep rates, GCD sweeps of those PANI (d), SOAM-Cy HCP (e), and PANI@SOAM-Cy HCP composite(f) at various current densities.

it as an attractive option for high-performance supercapacitors owing to
the strengths of both PANI and SOAM-Cy HCP.

Ragone plots serving as essential tools for assessing the performance
of energy storage materials, especially in supercapacitors, throughout
illustrating the trade-off between energy density and power density.
Throughout the current research, PANI and PANI@SOAM-Cy HCP
display significant power densities than the SOAM-Cy HCP, as shown by
Ragone plots (Fig. 5b) based on the given equations and a voltage
window in-between —0.3 and 0.5 V. This shows that PANI and
PANI@SOAM-Cy HCP nanocomposite have superior capabilities for
rapid energy delivery. Under a current density of 500 W kg, the energy
densities of PANI, SOAM-Cy HCP, and PANI@SOAM-Cy HCP are 34.61,
5.48, and 94.29 W h kg™, respectively (Fig. 5b). Notably, such energy
density of PANI@SOAM-Cy HCP nanocomposite surpasses those of PANI
and SOAM-Cy HCP, suggesting that the former nanocomposite can store
more energy per unit mass. Furthermore, the Ragone figures suggest that
the power densities of cells depend on PANI and PANI@SOAM-Cy HCP
can exceed those of other reported supercapacitors as displayed by
Table S3, demonstrating the fruitful potential of this nanocomposite
toward high-performance energy storage applications where both power
delivery and energy storage capacity are crucial. Long-term capability of
supercapacitors depends on the stability of their incorporated electrode
polymers [59]. Unfortunately, it is commonly known that conducting

polymers, like PANI, expand and swell upon charge/discharge turns
[14]. This can cause mechanical stress and eventual breakdown,
decreasing the stability of this family. Otherwise, HCPs can minimize
these defects hence offer higher stability over charge/discharge turns.
The SOAM-Cy HCP and PANI@SOAM-Cy HCP demonstrate exceptional
durability even after 5000 turns under a current density of 10 A g}, they
record retention Coulomb efficiencies to 93.9 % and 86.0 %, respec-
tively (Fig. 6).

This indicates that these materials can maintain a high level of
charge-discharge efficiency over multiple cycles, suggesting good sta-
bility. On the other hand, as we expected above the PANI shows a lower
retention Coulomb efficiency of around 23.89 % after 5000 turns,
indicating a higher degree of degradation and lower stability compared
to the SOAM-Cy HCP or PANI@SOAM-Cy HCP (Fig. 6b). Despite the
differences in stability degrees, PANI, SOAM-Cy HCP, and
PANI@SOAM-Cy HCP show specific capacitances of 32.26, 25.04, and
203.49 F g after 5000 turns at a current density of 10 A g (Fig. 6a).
The improved stability of the SOAM-Cy HCP and PANI@SOAM-Cy HCP
compared to PANI can be attributed to the incorporation of the PANI
into the porous SOAM-Cy HCP matrix, which may help to mitigate the
mechanical stress and degradation typically associated with PANI.
Furthermore, the hierarchical porosity of SOAM-Cy HCP provides
structural support and accommodates the volume changes of PANI
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during cycling, leading to enhanced stability and better performance
over long term cycling. The EIS outcomes provide valuable insights into
the ion transport behavior and internal ohmic resistance of those PANI,
SOAM-Cy HCP, and PANI@SOAM-Cy HCP. The faint arcs seen at high
frequencies in the EIS studies refer to mass transport and resistive charge
transfer (Rcr) actions taking place in the materials we use. The equiv-
alent series resistance (ESR), which consists of electrolyte resistance,
intrinsic resistance found in the electrode matrix, and interface resis-
tance across the electrode with current collector, is illustrated by junc-
tions of these arcs with the x-axis. The enormous surface areas of the
nanocomposite and synthetic HCP provide a large area of contact for
interaction with SO ions, indicating the possibility of more active re-
gions for energy storage. This is mirrored in the lower ESR assessments,
which show superior conductivity and larger capacity for energy stor-
age. Additionally, heteroatoms on the electrode surfaces improve
wettability, which amplifies the electrochemical efficiency significantly.
The Nyquist curves confirm these findings, with PANI, SOAM-Cy HCP,
and PANI@SOAM-Cy HCP displaying resistance values of 8.35 Q, 21.81
Q, and 5.11 Q, respectively (Fig. S6a) and fitted within the electrical
circuit of Fig. S6b. Superior specific capacitance and improved energy
storage capacity for the electrode content are demonstrated by these
minimized resistance levels. The Bode plots (Fig. S6¢) validate the ma-
terials’ favorable electrical properties by giving diagonal aligned with a
downward slope under lower frequencies alongside depressed ohmic
resistance levels under higher frequencies. The frequency-dependent
phase-angle of Bode plots (Fig. S6d) determine knee frequencies of

139.19 Hz for PANI, 847.8 Hz for SOAM-Cy HCP, and 679.9 Hz for
PANI@SOAM-Cy HCP respectively thereby demonstrating outstanding
electrochemical efficiencies, under higher knee frequencies displaying
their better rate performance. Overall, these findings emphasize the
prospective applications of the designed PANI@SOAM-Cy HCP nano-
composite in high-performance supercapacitors by showing that they
have low ESR, high specific capacitance, and superb rate effectiveness.

Exclusively, the PANI@SOAM-Cy HCP exhibits promising charac-
teristics for supercapacitor applications. With an ESR of 5.11 Q, lower
than those of the SOAM-Cy HCP and PANI, it demonstrates improved
conductivity and efficient charge transfer, leading to higher specific
capacitance. The material’s significant surface area provides ample
contact points for interaction with SO7 ions, indicating additional active
sites for energy storage as we explained above throughout CV and GCD
analysis. This feature, coupled with a knee frequency of 679.9 Hz,
suggests excellent rate efficiency, enabling high performance even at
rapid charge-discharge rates. As an appropriate choice for high-
performance supercapacitors, PANI@SOAM-Cy HCP delivers reason-
able balance of energy storage capacity along with power transmission
overall.

The superior rate capability of PANI@SOAM-Cy HCP is evidenced by
a significant capacitive contribution to its total capacity. This contri-
bution was quantified using the relation where the total current i(V) ata
constant potential V is the sum of the currents from diffusion-controlled
(kgvl/ 2) and capacitive (k;v) mechanisms (Fig. 7a) where values of k;
and ko were detected depending on the slope as well as the intercept of
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eq. (1)-2. At a low scan rate of 5 mV s’l, the capacitive contribution was
75.48 %, while the diffusion-controlled contribution was 24.52 % of the
total capacity (Fig. 7b-c). As the scan rate increased from 5 to 200 mV
s71, the capacitive contribution decreased to 54.86 % (Fig. 7b). This
reduction in capacitive contribution under quick scan emphasize that
while PANI@SOAM-Cy HCP maintains a significant capacitive behavior,
the role of diffusion-controlled processes becomes more pronounced at
faster scan rates. A power law (Eq. 7) was utilized to examine the rela-
tion in-between electrical current (i) with scan rates potential (v) in
order to investigate the capacitive impact of PANI@SOAM-Cy HCP. The
slope of a log(i) versus log(v) plot was utilized to estimate the value of
“b” (Fig. 7d), which helps differentiate between capacitive and
diffusion-controlled mechanisms. For PANI@SOAM-Cy HCP, the calcu-
lated b numbers were 0.5299 and 0.522 for the anodic and cathodic
peaks respectively. Those b values, which are in the neighborhood of
0.5, point to a combination of bulk diffusion-controlled along with
capacitive (surface-controlled) energy storage systems. Ultimately,
these results demonstrate that PANI@SOAM-Cy HCP has a significant
capacitive impact which is helpful in rapid charge-discharge turns,
particularly at lower scan rates. However, the diffusion- controlled
mechanisms also become more significant as the scan rate rises,

demonstrating the material’s capacity for both rapid and long-term
energy storage.
l(V) = k]V + ksz (@D)]
l(;) = klvlfz + k2

@

i=at 3)
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3.7. Coin cell device

The study of PANI@SOAM-Cy HCP in a two-electrode symmetric
coin supercapacitor provides important new understandings concerning
its future prospects for real-world use. The PANI@SOAM-Cy HCP-based
symmetrical coin cell’s CV sketches were recorded at different sweep
scans in-between 5 and 200 mV s ! over a potential ranges of 0.5 to 0 V.
The CV tracks had a characteristic rectangular curve even at high sweep
speeds (200 mV s~ ') as observed in Fig. 8a. This emphasize that the
capacitance was an EDLC type. This implies that PANI@SOAM-Cy HCP
can continue to function at high scan rates by quickly and effectively
storing and releasing charges. The excellent reversibility of the sym-
metric capacitor, which is essential for the durability and dependability
of supercapacitors, is further shown by a rise in current at higher scan
rates. The PANI@SOAM-Cy HCP-based symmetric cell’s GCD profiles
(Fig. 8b) show a triangular shape, which suggested strong capacitance
efficiency along with dynamic energy storage power. The GCD curves’
triangular shape suggests steady charge-discharge turns with impalpable
resistive distortions, demonstrating the capacitor’s effectiveness. The
electrochemical capacitance of the PANI@SOAM-Cy HCP was 325.00 F
g ! ata current density of 1.0 A g~ (Fig. 8c). This reading demonstrates

the high performance of the PANI@SOAM-Cy HCP nanocomposite
across all trial settings, as it exceeds the capacitance for numerous
earlier discovered materials as well as agrees well with the results of the
three-electrode trial. Realistically, the specific capacitance attitudes
achieved in the two-electrode and three-electrode systems are not the
same. Generally, the three-electrode setup has a specific capacitance
three times extra compared to the two-electrode setup. This difference
stems from the reality of the three-electrode system employs just one
double layer of capacitance, while the two-electrode system uses double-
layer capacitance at both electrodes, essentially acting as dual capacitors
in series. Thus, the specific capacitance determined in the three-
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electrode configuration claims as the substrate capacitance (Cpaterial),
whereas the particular capacitance recorded in the coin cell (two-elec-
trode system) terms as the device capacitance (Cgevice)-

These outcomes highlight PANI@SOAM-Cy HCP’s feasibility for
utilization in functional supercapacitor units. The symmetric coin cell
sustains high capacitance and dynamic charge-discharge behavior
indicating that this material can be employed in commercial energy
storage devices. The optimum rate ability, high reversibility, and
outstanding specific capacitance all highlight the potential of
PANI@SOAM-Cy HCP as a high-performance supercapacitor material.
Moreover, this study confirms that PANI@SOAM-Cy HCP not only per-
forms well in laboratory-based three-electrode systems but also trans-
lates this performance into commercially relevant two-electrode
systems, positioning it as a fruitful candidate for advanced
supercapacitors.

As we mentioned above, the Ragone plot is a crucial tool in evalu-
ating the performance of energy storage devices, as it provides a visual
representation of the correlation in-between energy density and power
density. For the PANI@SOAM-Cy HCP based symmetric cell, the Ragone
plot illustrates a remarkable balance between these two key parameters.
Specifically, the PANI@SOAM-Cy HCP electrode demonstrated an
impressive energy density of 45.14 W h kg~ at a power density of 500 W
kg™! (Fig. 8d). This high energy density indicates that the material can
store a significant amount of energy, positioning it convenient for in-
struments requiring sustained energy output over longer periods.
Moreover, the PANI@SOAM-Cy HCP electrode preserve a substantial
energy density of 17.73 W h kg™! even at a much higher power density
of 10,000 W kg~! (Fig. 8d). The power density of the PANI@SOAM-Cy

11

HCP electrode device exceeded those polymeric based electrodes re-
ported previously (Table S4). This performance is especially remarkable
because energy density normally drops as power density increases
because of the constraints within the rate whereby functions like charge
and discharge may occur. However, the PANI@SOAM-Cy HCP’s ability
to retain a relatively high energy density at elevated power densities
suggests excellent rate capability and efficient charge-transfer kinetics.

This enhanced efficiency demonstrates the efficient synergy between
SOAM-Cy HCP and PANI, which combines the extensive surface area
and systematic porosity of SOAM-Cy HCP alongside the significant
conductivity and pseudocapacitive nature of PANI. High power and
energy densities are probably caused by the hierarchical porous struc-
ture, which also lowers internal resistance and speeds up ion mobility.
The PANI@SOAM-Cy HCP is an intriguing nanocomposite for enhanced
supercapacitors due to its increased energy density at both intermediate
and uplevels-power densities when compared to previously reported
materials. Such material can effectively bridge the gap between batteries
and traditional capacitors, offering both high energy storage and rapid
power kinetics, making it ideal for a wide range of uses between portable
electronics to electric vehicles. The electrochemical impedance spec-
troscopy (EIS) data for the PANI@SOAM-Cy HCP electrode material
(Fig. S7a) provides critical insights into its resistance characteristics and
ion transport behavior within a coin cell configuration. The Nyquist plot
(Fig. S7a) shows distinct semicircular features at high-frequency values
for all samples, which are indicative of the R within the electrode and
fitted to the circuit of Fig. S7b. Notably, the PANI@SOAM-Cy HCP
electrode exhibits the minimized R value of 3.8 Q, implying the effi-
cient electron charge mobility. Further, this low R imparts that the
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PANI@SOAM-Cy HCP coated electrode has diminished internal resis-
tance, hence facilitates rapid charge/discharge turns, consequently
enhancing the ultimate performance of the incorporated supercapacitor.

Additionally, the Bode plots (Fig. S7c) provide further details about
the resistance features and dynamic behavior of the PANI@SOAM-Cy
HCP electrode. The negative slopes at lower frequencies in the Bode
plots signify good capacitive behavior and efficient ion mobility within
the electrode material. At higher frequencies, the minimal ohmic resis-
tance observed suggests that the electrode material maintains low
resistive losses during high-rate charge and discharge processes. This
feature is prospect for those devices requiring rapid energy transmission.
The calculated knee frequency at a 45° phase angle for the
PANI@SOAM-Cy HCP (Fig. S7d) electrode is 3.42 Hz. The knee fre-
quency emphasizes the conversion point where the capacitive behavior
of the material starts to dominate over the resistive behavior. A higher
knee frequency generally proves improved rate capability as well as
faster ion transport within the electrode material. Therefore, the
PANI@SOAM-Cy HCP shows a relatively high knee frequency which
implies that it can efficiently manage high-power requirements while
sustaining improved energy storage capacity [60]. The minimal charge
transfer resistance, superb rate potential, and potent ion transport of the
PANI@SOAM-Cy HCP electrode material have been verified by these EIS
and Bode plot assessments. Since it can offer high energy and power
densities with less resistive loss and to continue performing well under a
variety of use circumstances, these qualities serve as a prime prospect for
high-performance supercapacitors [61].
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The remarkable durability and effectiveness of the PANI@SOAM-Cy
HCP nanocomposites coated electrode in real-world supercapacitor ap-
plications is demonstrated by the operation of the coin cell unit that
utilizes it. After 5000 charge-discharge turns at a current density of 10 A
g, the specific capacitance of the PANI@SOAM-Cy HCP electrode re-
mains at 123.24 F g' (Fig. S8a). The nanocomposite’s strong stability
and capacity to tolerate continuous cycling without sustaining notice-
able depreciation are demonstrated by the capacitance’s retention
across a considerable number of turns. It implies that the PANI@SOAM-
Cy HCP nanocomposite coated electrode structure remains intact, sus-
taining its electrochemical activity over long term use.

The coulombic efficiency of the coin cell system, which measures the
efficiency of charge transfer during cycling, is around 81.89 %
(Fig. S8b). An efficiency of 81.89 % implies that a substantial portion of
the charge is effectively utilized, with minimal losses during the charge-
discharge turns. This high efficiency indicates good reversibility of the
electrochemical reactions within the PANI@SOAM-Cy HCP nano-
composite coated electrode and efficient ion mobility mechanisms.

4. Conclusions

In this research, we have successfully created a novel composite
material, PANI@SOAM-Cy HCP, by integrating PANI with HCP incor-
porating SOAM and Cy blocks. We have fully characterized-chemically
and physically- innovated polymers and composite using advanced
techniques. This innovative material combines the advantageous
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properties of both PANI and HCP, resulting in improved electrochemical
performance suitable for high-efficiency supercapacitor applications.
The PANI@SOAM-Cy HCP composite showed a remarkable specific
capacitance of 325.00 F g! at 1.0 A g}, demonstrating its potential for
high-capacity energy storage. Additionally, it achieved an impressive
energy density of 45.14 W h kg at a power density of 500 W kg,
maintaining a high energy density of 17.73 W h kg'! even at 10,000 W
kgl. The composite also displayed outstanding cycling stability,
retaining 81.89 % of its initial capacitance after 5000 cycles at 10 A g
The enhanced performance of the PANI@SOAM-Cy HCP nanocomposite
can be revealed to its high surface area, hierarchical porosity, and
reduced R of 3.8 Q. The incorporation of SOAM and Cy further
improved structural stability and provided additional active sites for ion
adsorption, as confirmed by Nyquist and Bode plots. Ultimately, the
PANI@SOAM-Cy HCP composite material demonstrates significant
promise for next-generation supercapacitors, offering a balanced com-
bination of high energy density, excellent cycling stability, and efficient
ion transport. This work highlights the potential of integrating
conductive polymers with hyper-crosslinked porous polymers to
develop advanced energy storage materials with superior electro-
chemical properties. Future research will focus on further optimizing the
nanocomposite structure and exploring its applications in various en-
ergy storage systems.
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