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HIGHLIGHTS

e Indirubin-based CMPs were developed
for supercapacitor electrodes.

e TPA-BD CMP outperforms Py-BD CMP
via stronger pseudocapacitive charge
storage.
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1Ag~!in aqueous electrolyte.
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ABSTRACT

We develop and analyze the conjugated microporous polymers (CMPs), Py-BD and TPA-BD CMPs, incorporating
indirubin-based units for enhanced energy storage applications. The Py-BD CMP exhibits a higher surface area up
to 250 m? g™, superior thermal stability as evidenced by a higher decomposition temperature up to 434.6 °C in
thermal gravimetric analysis (TGA). On the other hand, TPA-BD CMP displays a higher capacitance per unit mass
0f 916.5Fg ' at 1 Ag~! compared to Py-BD CMP. We conduct electrochemical evaluations using a two-electrode
coin cell system with TPA-BD CMP, which demonstrates high capacitance and stability of 232.50 F g~ and 83%
respectively after 5000 cycles. The TPA-BD CMP-based coin cell shows promising performance, highlighting its
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suitability as an advanced and active material for supercapacitors. Our findings contribute to the development of
advanced energy storage performance through the unique features of indirubin derivatives in CMP architectures.

1. Introduction

The quest for efficient and sustainable energy storage solutions are
now more important than ever with the global shift to renewable energy
as well seeks to mitigate the challenges posed by climate change [1-8].
Among the various technologies being explored, supercapacitors are
showing as great potential candidates thanks to their ability to store and
release electrical energy rapidly, making them ideal solutions for
important applications such as electric vehicles [9-11]. A key compo-
nent in the development of high-performance supercapacitors is the
design of advanced electrode materials such as those innovated porous
organic materials that are able to enhance or modulate energy density,
power density, and overall efficiency [12-16].

On the other hand, conjugated microporous polymers (CMPs) have
drawn significant interest lately owing to their unique structural fea-
tures, which include high surface areas, tunable pore sizes, and excellent
chemical stability [17-24]. These fruitful features make CMPs particu-
larly suitable for energy storage devices, as they can efficiently facilitate
ions transport and provide a robust framework for charge storage [17,
25-29]. Among the diverse range of CMPs being developed, those based
on indirubin derivatives have not discovered or shown their remarkable
potential yet. Realistically, indirubin, a natural compound known for its
biological activity, has been adapted into various chemical structures for
energy storage applications [30-33].

Indirubin molecules, known for their planar structure and inherent
redox properties, have been extensively studied for their therapeutic
applications, particularly in combating proliferative diseases such as
cancer and psoriasis [30,34]. Beyond their biological significance,
indirubin derivatives have shown potential in various technological
applications due to their chemical stability and ability to undergo redox
transformations [35,36]. The integration of indirubin units into CMPs
offers a novel approach toward leveraging these properties for energy
storage applications. By incorporating indirubin-based moieties into
CMP architectures, researchers can exploit their redox activity to
enhance pseudocapacitance and overall electrochemical performance,
thereby may contribute toward the development of advanced super-
capacitor materials. Specifically, the (E)-[3,3-biindolinylidene]-2,
2'-dione (BD) moiety has not been well-studied previously as a building
block for CMPs although its expected inherent redox activity and
stability.

We here focus on the development and characterization of two
CMPs, Py-BD and TPA-BD CMPs, which incorporate indirubin-based BD
units into their structures. By integrating these units with boronated
forms of pyrene (Py-4Bor) and triphenylamine (TPA-3Bor), respectively,
we aim to rise and modulate the unique electronic and structural
properties of these monomers to enhance the electrochemical perfor-
mance of the resulting CMPs. Actually, Py and TPA moieties record high
reputation as CMP blocks utilize as supercapacitor electrodes [37-40].
Therefore, the Py-BD and TPA-BD CMPs are designed to exploit the
synergistic effects of their constituent components, combining the high
surface area and conductivity of CMPs with the redox activity of indir-
ubin derivatives. This approach is expected to yield porous materials
with improved capacitive behavior, higher energy density, and
enhanced cycling stability, making them well-suited for advanced en-
ergy storage applications.

We deeply investigated their surface chemical composition and
thermal stability using X-ray photoelectron spectroscopy (XPS), and
thermal gravimetric analysis (TGA) respectively. Moreover, the surface
area of those innovative BD CMPs records up to 250 m? g~ '. Addition-
ally, through a comprehensive analysis of their electrochemical prop-
erties, including cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD) measurements, and electrochemical impedance spec-
troscopy (EIS), we evaluate the performance of Py-BD and TPA-BD CMPs
as supercapacitor electrodes. The capacitance of the three electrode and
double electrode systems records up to 916.55 and 232.50F g’
respectively at 1 A g~ . The findings of this study provide a deeper un-
derstanding regarding the potential of indirubin-based CMPs for energy
storage systems, highlighting their advantages and challenges in the
context of emerging energy technologies.

2. Experimental section
2.1. Materials

All chemicals utilized in our experiments were of analytical grade
and used as received. Additionally, We employed double-distilled water
in all procedures. Isatin, potassium borohydride (KBH,4), and pyrene
were provided from Sigma Aldrich. Nitrobenzene, bromine, methanol
(CH30H), ethanol (CoHsOH), dioxane, dimethylformamide (DMF), and
dichloromethane (DCM) were from Thermo Fisher. Bis(pinacolato)
diboron [1,1" bis(diphenylphosphino)ferrocene] dichloropalladium(II)
(Pd(dppf)Cly), triphenylamine, N-bromosuccinimide (NBS), tetrakis
(triphenylphosphine)palladium(0) (Pd(PPhs)4), potassium carbonate
(K2CO3), carbon black, Nafion (10% wt%), and potassium hydroxide
(KOH) were purchased from Acros. The synthesis of Pyrene-4Bor and
TPA-3Bor was described in the supporting information.

2.2. The synthesis of BD-2Br

The (E)-6,6"-dibromo-[3,3"-biindolinylidene]-2,2'-dione (BD-2Br)
was designed as schemed early [41]. The 6-bromoindoline-2,3-dione
(0.01 mol) was solubilized in 50 mL of methanol (CH3OH) in a 150 mL
round-bottom flask set up with a reflux condenser and stirring bar. The
mixture was subjected to heat under reflux, and KBH4 (0.27 g,
0.005 mol) was added gradually. The reaction mixture was allowed to
stir under reflux over 1 h. During this time, the stopper of the flask was
removed 2-3 times, and the flask was gently shaken to ensure the re-
action mixture was saturated with air. After 1 h, the solution was left to
reach room temperature, resulting in the precipitation of BD-2Br. The
product was then obtained via filtration and further purified through
recrystallization from 95% ethanol (CoHsOH).

2.3. The synthesis of Py-BD CMP

Utilizing Suzuki coupling protocol [42,43], those as-synthesized
monomers of BD-2Br (200mg, 0.47 mmol) and Py-4Bor (168 mg,
0.23 mmol) were combined in a Schlenk tube with Pd(PPhs)4 (55 mg,
0.04 mmol) and K»CO3 (658 mg, 4.7 mmol), followed by degassing for
15 min. A co-solvent mixture of DMF (10.34 mL) and water (1.3 mL) was
then charged into the reaction tube. The feeding tube was subjected to a
triple freeze-thaw cycles. The reaction proceeded under continuous
stirring at 130 °C for 72 h. Afterward, the resulting polymer was isolated
and thoroughly washed using Soxhlet extraction with methanol, hexane,
acetone, and THF. Finally, The powder was oven-dried at 80 °C under
vacuum.

2.4. The synthesis of TPA-BD CMP

The synthesis process followed the method used for Py-BD CMP, with
TPA-3Bor substituted instead. The as-synthesized monomers of TPA-
3Bor (197.8mg, 0.31 mmol) and BD-2Br (200 mg, 0.47 mmol) were
combined in a Schlenk tube with Pd(PPhs)4 (55 mg, 0.04 mmol) and



M.G. Kotp and S.-W. Kuo

K2CO3 (658 mg, 4.7 mmol), and the mixture was degassed for 15 min. A
co-solvent of DMF (10 mL) and water (1.25 mL) was then added, after
which the feeding tube underwent a triple freeze-thaw cycle. The re-
action was stirred continuously at 130 °C for 72 h. Following the reac-
tion, the resultant polymer was centrifuged and thoroughly washed
using Soxhlet extraction with methanol, hexane, acetone, and THF.
Finally, the solid was oven-dried at 80 °C under vacuum.

2.5. Electrochemical performance evaluation

Prior to use, the glassy carbon electrode (GCE) was sonicated in a
water bath for 30 min to ensure thorough cleaning. It was then polished
with 0.05pm alumina as well ethanol to ensure a smooth surface.
Finally, the electrode was allowed to dry in air oven (60 °C).

Such electro-chemical performance of those BD CMPs was evaluated
utilizing an Autolab potentiostat (PGSTAT204) in a 1 M KOH aqueous
electrolyte. Realistically, 1 M KOH was selected because alkaline elec-
trolytes are widely used in supercapacitor studies due to their high ionic
conductivity and low internal resistance, which enable efficient ion
transport and improved electrochemical performance. The working
electrochemical electrode was GCE (diameter: 5.61 mm; 0.2475 cm?),
whilst a platinum wire functioned as the counter electrode. A Hg/HgO
reference electrode (RE-1B, BAS) was utilized, with all potentials
referenced to this electrode. For the preparation of the samples, equal
2mg of both CMP was mixed with carbon black throughout 800 pL of
aqua and 191 pL of ethanol, followed by sonication for 30 min. Subse-
quently, 9 pL of Nafion (10% wt%) was incorporated under ongoing
sonication for an additional hour. The tip of the working electrode was
modified by coating with 5 pL of the mixture, followed by drying under
vacuum at 70 °C for 30 min.

Electrochemical features were assessed through CV experiments
carried out at different scan rates ranging between 5:200 mV s ! as well
via the GCD method within a voltage range of 0: —0.7 V at current
densities in-between 1:20 A g ™. The specific capacitances of BD CMPs
have calculated from the GCD data throughout Eq. (1).

In At
P T mAv

(Eq.1)

In this context, Cp,, In, At, m, and AV represent the specific capacitance,
discharge current, discharge time, mass of CMP on the electrode, and
potential drop, respectively. The densities of energy and power were
respectively calculated using Egs. (2) and (3).

1

E = 5cp(AV)2 (Eq.2)
E,
P= th (Eq.3)

2.6. Coin cell assembly

A slurry of 70 wt% CMPs, 20 wt% carbon, and 10 wt% Nafion in 2 mL
ethanol was used to prepare the working electrodes for the coin cells.
The slurry was applied onto carbon foil subsequently cut into circular
electrodes. Notably the working electrodes were prepared on flexible
Torayca™ carbon paper (0.1 mm thickness) and cut into circular discs
with a diameter of 1 cm. The mass loading of the active material on the
current collector was approximately 1.27 mg cm 2. The electrodes have
been set up into a real coin supercapacitor, which included couple
symmetric working electrodes, separator, as well as KOH electrolyte.
The electrochemical behavior of the coin cells was assessed using CV
experiments applying several scan rates ranging from 5:200 mV s71, as
well as through the GCD method within potentials of —0.3: +0.6 V and
current densities of 1:20 A g~1. The GCD experiments were utilized to
determine the capacitance of the device using Eq. (1)).
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3. Results and discussion
3.1. Molecular characterization

Two novel indirubin-based CMPs, Py-BD and TPA-BD, were synthe-
sized in high yields via the standard Suzuki coupling of the dibromo-
functionalized linker BD-2Br with the boronic acid pinacol ester
linkers Py-4Bor and TPA-3Bor, respectively. The reactions were carried
out in a DMF/water co-solvent (10:1, v/v) at 130 °C using tetrakis(tri-
phenylphosphine)palladium(0) as the catalyst, as illustrated in Scheme
1. The BD-CMPs were found to be insoluble in common solvents
(methanol, ethanol, acetone, THF, and DMF), implying the formation of
highly cross-linked chemical structures [44,45]. The as-synthesized
BD-CMPs were first analyzed for their chemical composition using
FTIR and solid-state '3C CP/MAS NMR spectroscopy. Notably, FTIR
scans of both Py-BD and TPA-BD CMPs show a full loss of the absorption
signal at 827 cm™!, which is associated with the C-Br linkage in the
starting monomer of BD-2Br [42]. This absence confirms that the
bromine functionalities have been fully consumed during the polymer-
ization process, suggesting efficient coupling reactions between the
monomers. Additionally, the B-O absorption signals at 1373 em ! and
1337 cm™}, characteristic of the boronated units of Py-4Bor and
TPA-3Bor, respectively, are no longer present [46]. This disappearance
further supports the successful incorporation of these monomers into the
CMP framework through the formation of new bonds. Interestingly, the
FTIR records also reveal the emergence of new absorption bands that are
characteristic of the structural features of the CMPs. Specifically, the
signals at 1673 cm ™! and 1707 cm ™! are attributed to the C=0 bonds of
the indirubin units, indicating their successful integration into the CMP
structure [41]. Furthermore, the signals at 1609 cm ! and 1617 cm™!
correspond to the CN bonds within the indirubin moieties, while bands
at 1473 cm ! and 1493 cm ™ are associated with the aryl C=C bonds in
Py-BD and TPA-BD CMPs, respectively (Fig. 1a). These observations
collectively confirm the formation of the desired polymer structures
through the coupling of the monomers. On the other hand, the NMR
spectroscopy of those Py-BD and TPA-BD CMPs provided valuable in-
sights into their molecular structure. The spectra revealed characteristic
signals that can be attributed to specific functional groups within the
polymers. Signals at 170.82 ppm and 157.10 ppm were observed for the
C=O0 units (Fig. 1b). These chemical shifts are consistent with carbonyl
groups, which are typically found in the range of 165-220 ppm for
various carbonyl compounds such as ketones and aldehydes. The pres-
ence of these signals confirms the incorporation of carbonyl function-
alities within the Py-BD and TPA-BD CMPs, which derived from the
indirubin derivative used in their synthesis. The observed shifts in the
C-N and C=0 signals in the solid-state NMR spectra can be attributed to
differences in the local electronic environments of the two CMPs. In
particular, the presence of the electron-donating TPA unit can increase
the electron density within the conjugated framework, which may lead
to slight effects and thus shifts in the corresponding NMR peaks
compared to the Py-based system. This behaviour suggests the existence
of electronic interactions between the TPA unit and the indirubin core
within the conjugated network. Such donor-acceptor interactions can
facilitate partial charge transfer along the polymer backbone, enhancing
electron delocalization. This effect is expected to contribute to the
improved electrochemical performance observed for TPA-BD CMP,
particularly through enhanced pseudocapacitive behaviour. Additional
signals at 147.22 ppm and 152.72 ppm were assigned to the C-N units
(Fig. 1b). These chemical shifts are indicative of carbon atoms bonded to
nitrogen, which can be found in various nitrogenic units. The presence
of these signals highlights the successful inclusion of nitrogenic moi-
eties, such as those from triphenylamine in TPA-BD CMP, into the
polymer structure. The range of signals from 120.35 ppm to 96.20 ppm
can be attributed to the aromatic C=C units. These chemical shifts fall
within the typical range for aromatic carbons, which are generally
observed between 125 and 150 ppm (Fig. 1b). The presence of these
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Fig. 1. (a) FTIR and (b) solid state NMR spectroscopy of Py-BD and TPA-BD CMPs.

signals confirms the aromatic nature of the polymer backbone, which is
essential for the conjugated structure of these CMPs.

To elucidate the surface bonding environment and valence states of
carbon, nitrogen, and oxygen in the Py-BD and TPA-BD CMPs, XPS
measurements were conducted. The HR-XPS spectra for Cls, N1s, and
O1ls are presented in Fig. 2, providing detailed insights into the chemical
environments within these polymers. The C1s spectra of both Py-BD and
TPA-BD CMPs were deconvoluted into four distinct signals, revealing
the presence of multiple carbon states (Fig. 2a). These include sp? car-
bons (C=C) at approximately 283.30 eV, sp? carbon-containing nitro-
genic units (C=N) at 283.99 eV, and carbonaceous atoms attached to
oxygen (C=0) at 284.45eV [47,48]. Realistically, the identification of

these carbon states is crucial for emphasizing the structural and elec-
tronic properties of those BD CMPs, as they reflect the extent of
n-conjugation and functional group incorporation within the CMPs
frameworks. The deconvolution of the N1s spectra for Py-BD and
TPA-BD CMPs revealed distinct nitrogen states (Fig. 2b). In both CMPs, a
peak centered at approximately 398.5eV was observed, which is
assignable to pyrrolic-N within the indirubin ring [49]. This N state may
contribute one z-electron to the aromatic z-system, enhancing the
electronic conductivity and redox activity of the CMPs [50,51]. Notably,
the N1s spectrum of TPA-BD CMP also exhibited a characteristic peak at
397.07 eV, corresponding to the 3ry-N of the TPA subunit. Furthermore,
the quantitative analysis indicated that pyrrolic-N is the dominant
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Fig. 2. High resolution XPS scans of (a) C, (b) N, and (c) O elements incorporated those Py-BD and TPA-BD CMPs. (I: Py-BD CMP and II: TPA-BD CMP).

nitrogen state in TPA-BD CMP, underscoring its significant role in the
material's electrochemical features [52]. The Ols spectra of BD CMPs
(Fig. 2c) revealed a single type of oxygen state located at 531.03 eV,
which can be attributed to oxygen atoms double-bonded to carbon
atoms (C=0). This suggests that the oxygen functionalities in both
Py-BD and TPA-BD CMPs are primarily associated with carbonyl groups,
which can influence the materials' chemical reactivity. Notably Table S1
summarizes the FWHMs and peak areas of the various chemical species
detected in the XPS analysis of Py-BD and TPA-BD CMPs.

3.1.1. Physical features

The thermal stability of the CMPs, Py-BD and TPA-BD, was assessed
using TGA under a nitrogenic environment. Basically, this analysis is
crucial for understanding the thermal robustness of these materials,
particularly in applications such as energy storage, where thermal sta-
bility can significantly impact performance and longevity. The TGA re-
sults indicated that the decomposition temperatures (T4;9) for Py-BD
CMP and TPA-BD CMP were 434 °C and 385 °C, respectively. Actually,
these values suggest that both materials exhibit considerable thermal
stability (Fig. S1). The observed slightly higher T4;9 of Py-BD CMP in-
dicates that it can withstand elevated temperatures better than TPA-BD
CMP before undergoing thermal degradation. As the Py subunits show
higher planarity than TPA molecules therefore the Py-BD CMP can form
physical stacking between its layers [53,54].

Further, the char yields at 800 °C were assessed, yielding values of
72.5wt% for Py-BD CMP and 72.2wt% for TPA-BD CMP (Fig. S1).
Notably, the char yield represents the amount of residue remaining after
complete thermal degradation, providing insight into the CMP's ability
to retain structural integrity at elevated temperatures. As observed,
those similar char yields for both CMPs suggest that they possess com-
parable thermal stability characteristics, with a substantial portion of
the original material remaining after exposure to high temperatures.
Moreover, the relatively high decomposition temperatures and char

yields observed in both Py-BD and TPA-BD CMPs highlight their suit-
ability for applications requiring thermal robustness [55]. Basically, the
differences in decomposition temperatures between our BD CMPs may
be attributed to their distinct chemical structures and compositions. The
presence of different functional groups and the overall molecular ar-
chitecture can influence thermal behavior, affecting how each CMP re-
sponds to heat. The higher T4;¢9 for Py-BD CMP suggests a more
thermally stable framework, potentially due to stronger intermolecular
interactions or a more robust crosslinked structure compared to TPA-BD
CMP. Again, the Py incorporated Py-BD CMP can form stacking in be-
tween its layers [56].

The porous properties of the synthesized BD-CMPs were evaluated
using nitrogen adsorption-desorption assays at 77 K (Fig. S2). The iso-
therms of Py-BD and TPT-BD CMPs show a slight increase at low relative
pressure, indicating that the materials are mainly microporous [57]. The
BET surface areas (SBET) of Py-BD and TPA-BD CMPs were 250 and
87 m? g, respectively (Table S2). The larger surface area of Py-BD CMP
is attributed to the stronger n—n stacking of Py units compared to TPA
units. At higher P/P,, nitrogen uptake increases gradually, with hys-
teresis loops extending to low relative pressures, indicating a mix of type
I and type IV isotherms and the presence of both micropores and mes-
opores [58]. NLDFT analysis of pore sizes and distributions shows that
Py-BD and TPA-BD CMPs contain both micropores and mesopores of
varying sizes.

The mesopore sizes of Py-BD CMP and TPA-BD CMP are dual,
respectively 1.10 and 1.71 nm for the Py-BD CMP and 1.06 and 1.77 nm
for TPA-BD CMP, these are formed either by elastic deformation of the
pore structure or by swelling in liquid nitrogen. Similar results have
been observed in other porous polymer-based irregular mesoporous
structures. The total pore volumes (Viota)) are 0.47 and 0.30 cm® g’l for
Py-BD and TPA-BD CMPs, respectively. Motivated by their high surface
areas and porous structures, BD-CMPs show promise as a new class of
materials for supercapacitor electrodes [59]. Their inherent
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microporosity is accessible to various targeted guest molecules such as
electrolyte ions.

The morphologies of Py-BD and TPA-BD CMPs were examined using
high-resolution transmission electron microscopy (HR-TEM). As shown
in Fig. 3a and b, both CMPs consist of aggregated particles forming a
continuous network, indicative of their highly cross-linked polymeric
structures. The HR-TEM images reveal that the individual particles are
predominantly spherical, with uniform size distribution, suggesting a
controlled polymerization process. Such spherical aggregation is typical
for CMPs and is consistent with their high surface areas and porosity.
The observed particle morphology is expected to facilitate efficient ion
transport and accessibility of the electrolyte within the porous frame-
work, which is beneficial for electrochemical applications such as
supercapacitors. The aggregated nature of the Py-BD and TPA-BD CMPs
is further confirmed by field-emission scanning electron microscopy (FE-
SEM) images (Fig. 3c and d). The SEM analysis reveals that both CMPs
are composed of closely packed, spherical particles, consistent with the
HR-TEM observations. The observed spherical morphology and particle
aggregation indicate the formation of a continuous interconnected
framework, which is typical of CMP materials. While SEM provides
insight into the overall morphology, the porous nature and high surface
area are confirmed by BET analysis.

3.1.2. Electrochemical performance

The electrochemical characterization of the newly synthesized Py-BD
and TPA-BD CMPs was conducted using CV to evaluate their potential as
electrode materials for supercapacitors. The experiments were per-
formed within a potential window of 0 to —0.7 V versus Hg/HgO (Fig. 4a
and b), utilizing a 1 M KOH electrolyte which is a common choice for
supercapacitor applications due to its high ionic conductivity. The CV
profiles of the Py-BD CMP exhibited a characteristic rectangular shape,
indicative of its capacitive behavior, along with a distinct redox peak
observed at approximately 0.55 V. This peak demonstrates the electro-
chemical activity associated with the redox processes occurring within
the CMP matrix. Notably, the CV scans were carried out at varying po-
tential rates from 5 to 200 mV s !, as well the persistence of the redox
peak across these current densities suggests that the Py-BD CMP (Fig. 4a)
maintains its electrochemical integrity and performance under different
operational conditions. In contrast, the TPA-BD CMP (Fig. 4b) presented
a smoother CV profile with a well-defined redox peak located around
0.3 V. This behavior indicates that while TPA-BD CMP also exhibits
capacitive characteristics, its electrochemical response is markedly
different from that of Py-BD CMP. The smoothness of the CV curve for
TPA-BD CMP may suggest a more stable charge storage mechanism,
potentially linked to its structural properties.

As we reported above, the surface area measurements revealed that
Py-BD CMP possesses a surface area of 250 m? g™, significantly higher
than that of TPA-BD CMP, which has a surface area of 87 m?g~!. This
disparity in surface area likely contributes to the differences in their
electrochemical performance, as a larger surface area typically

(a) (b)

1um

1um
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facilitates greater storage capacity.

Furthermore, the pore characteristics of both CMPs were analyzed.
The Py-BD CMP exhibited pore widths of 1.10 nm and 1.71 nm, whereas
TPA-BD CMP had slightly narrower pores at 1.06 nm and 1.77 nm. The
pore volume measurements corroborate these findings, with Py-BD CMP
showing a pore volume of 0.47cm®g™! compared to TPA-BD's
0.06 cm® g 1. These structural attributes are critical in determining the
material's ability to facilitate ion transport during charge/discharge
cycles. Interestingly, despite the superior surface area and pore volume
of Py-BD CMP, the capacitance values indicate that TPA-BD CMP out-
performs Py-BD CMP in terms of capacitance retention and overall
electrochemical performance. This observation could be attributed to
the intrinsic properties of TPA units in the TPA-BD CMP that enhance
pseudocapacitance through redox-active sites. Actually, TPA is known
for its strong electron-donating properties, which can facilitate in-
teractions with cations such as K" [60-62]. The nitrogen atom in the
TPA structure can act as a Lewis base, allowing it to coordinate with K
ions [63]. This interaction is further enhanced by the bulky nature of the
TPA structure, which may create a favorable environment for ion
binding due to steric effects [64]. The presence of multiple aromatic
rings in TPA can also contribute to a suitable surface area for interaction,
potentially increasing the binding affinity for K™ ions. Moreover, TPA
derivatives can form complexes with various cations and anions, indi-
cating their ability to engage in supramolecular chemistry [65]. For
instance, TPA has been reported to be effectively complex with fullerene
derivatives, which suggests that its electron-rich nature allows for ver-
satile interactions with positively charged species. This implies that TPA
units could indeed interact more favorably with K™ compared to Py
units. On the other hand, pyrene is a polycyclic aromatic hydrocarbon
that primarily exhibits hydrophobic characteristics and does not possess
functional groups capable of strong Lewis acid-base interactions with
K*. While pyrene can participate in n-t stacking interactions due to its
aromatic nature, it lacks the specific binding sites that facilitate coor-
dination with cations. Consequently, the electrostatic interactions be-
tween pyrene and K™ would be significantly weaker compared to those
between TPA and K*. However, the indirubin unit still plays an essential
role by providing a conjugated backbone and additional redox-active
carbonyl (C=0) functionalities, which contribute to charge delocaliza-
tion and overall electrochemical activity. Therefore, the performance of
these CMPs arises from a combined effect, where indirubin ensures
structural conjugation and baseline redox activity, while the como-
nomer (particularly TPA) modulates and enhances the electrochemical
response.

Electrochemical response of the Py-BD and TPA-BD CMPs was
further investigated using GCD methodology across wide current den-
sities between 1 and 20A g~! throughout a potential window of 0 to
—0.7 V (Fig. 4c and d). The results revealed distinct characteristics in the
discharge profiles of the two CMPs, providing insights into their elec-
trochemical behavior. The discharge profile of the Py-BD CMP exhibited
a triangular shape (Fig. 4c), which is typical for capacitive materials,

Fig. 3. (a, b) TEM of those Py-BD and TPA-BD CMPs respectively, (c, d) SEM of those Py-BD and TPA-BD CMPs respectively.
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Fig. 4. CV sweeps at various scan rates of those (a) Py-BD and (b)TPA-BD CMPs. GCD scans of those (c) Py-BD and (d) TPA-BD CMPs under various current densities.

indicating a rapid charging storage mechanism. However, a significant
internal resistance (IR drop) was noted during the discharge process,
particularly at higher current densities. At a current density of 1Ag™},
the discharge time recorded was 73 s. The pronounced IR drop suggests
that while Py-BD CMP can facilitate charge storage effectively, it expe-
riences considerable energy losses due to resistance within the material
or at the electrode-electrolyte interface. In contrast, the TPA-BD CMP
also demonstrated a triangular discharge profile but with a markedly
reduced IR drop, indicative of improved conductivity and lower internal
resistance. The discharge time for TPA-BD CMP at 1 Ag~! was signifi-
cantly longer at 509 s. This extended discharge time reflects not only
better charge retention but also enhanced kinetics associated with the
electrochemical processes occurring within the polymer matrix. The
observed severe bent in the triangular shape of the TPA-BD CMP
discharge curve may be attributed to redox effects occurring during the
charge/discharge cycles. The presence of redox-active TPA units in TPA-
BD CMP facilitates additional charge storage mechanisms beyond simple
electric double-layer capacitance (EDLC), allowing for more complex
electron transfer processes. This redox activity can contribute to an in-
crease in capacitance as well as prolonging discharge times by enabling
more extensive ion intercalation and deintercalation processes. The
differences in discharge behavior between Py-BD and TPA-BD CMPs can
be explained by their structural and electronic properties. The TPA units
in the TPA-BD CMP not only enhance conductivity through better
electron transport but also promote effective interactions with K ions in
the electrolyte due to their favorable coordination chemistry. This
interaction is likely responsible for the reduced IR drop and extended
discharge times observed for the TPA-BD CMP (Fig. 4c) compared to the
Py-BD CMP (Fig. 4d). The absence of distinct redox peaks in the CV
curves of TPA-BD CMP may be attributed to the fast and highly
reversible surface redox reactions, which can appear as quasi-

rectangular CV shapes rather than well-defined peaks. In contrast, the
GCD curves show slight deviations from ideal triangular plateaus,
indicating the presence of pseudocapacitive contributions. This
behavior is commonly observed in porous polymer-based electrodes,
where electric double-layer capacitance and fast surface redox reactions
coexist. The specific capacitances of Py-BD and TPA-BD CMPs were
calculated using the GCD methodology, employing equation (1), C,
considers the specific capacitance (F g1), I, consider the discharge
current (A), At assumes the discharge time (s), m assumes the mass of the
active material (g), and AV is the potential window (V). As expected
above, the TPA-BD CMP exhibited remarkably higher capacitance values
across all current densities tested (Fig. 5a) (916.55Fg_1 at 1A g_l),
reflecting its superior charge storage capabilities compared to the Py-BD
CMP which recorded a 107.64F g tat 1Ag~L.

The electrochemical active surface area (ECSA) was estimated from
the double-layer capacitance (Cdl), obtained from cyclic voltammetry in
the non-Faradaic region at scan rates ranging between 30 and
100mVs~!. Using a commonly accepted specific capacitance value of
40pFem ™2 for carbon-based materials in aqueous electrolytes, the
calculated ECSA values were 64.5 cm? for Py-BD CMP and 6.75 cm? for
TPA-BD CMP. Although Py-BD CMP exhibits a significantly larger
accessible electrochemical surface area, the higher specific capacitance
observed for TPA-BD CMP suggests that pseudocapacitive redox con-
tributions play a dominant role in its charge storage mechanism. This
indicates that capacitance in these CMP systems is governed not only by
surface area but also by the intrinsic electrochemical activity of the
functional groups within the polymer framework.

The higher specific capacitance of the TPA-BD CMP can be explained
by the presence of redox-active TPA units, which facilitate additional
charge storage mechanisms beyond conventional EDLC. This pseudo-
capacitance contributes to a greater overall capacitance, particularly at
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lower current densities where ion diffusion and intercalation processes
are more favorable. In contrast, the Py-BD CMP's specific capacitance
values decline more sharply with increasing current density (Fig. 5a),
indicating that it may be limited by slower ion transport kinetics and
higher internal resistance, as evidenced by the significant IR drop
observed during galvanostatic discharge tests. The triangular discharge
profile of Py-BD CMP further suggests capacitive behavior but reveals
limitations in maintaining performance at elevated current densities.
Specific capacitances of BD CMPs show better performance than those
reported previously (Table S2). The densities of energy as well as power
of those CMPs, Py-BD and TPA-BD (Fig. 5b) were estimated using the
following equations (2) and (3), where E; is the energy density (Wh
kg_l), G, is the specific capacitance (F g_l), AV is the potential window
(V), and At is the discharge time (s). The analysis reveals a clear
distinction in the performance characteristics of Py-BD and TPA-BD
CMPs regarding densities of energy and power. For Py-BD CMP, there
is a noticeable decrease in energy density as power density increases,
which is indicative of a typical trade-off between energy and power in
supercapacitor electrode materials. At lower power densities, such as at
500 Wkg ™!, Py-BD CMP achieves an energy density of approximately
14.95 Wh kg1, but this value declines sharply with increasing power
demands, reaching only about 1.73Wh kg 'at a power density of
10,000 W kg~ 1. This trend suggests that while Py-BD CMP can deliver
moderate energy storage capabilities, its performance diminishes
significantly under high power conditions, likely due to limitations in
ion transport kinetics and increased internal resistance. In contrast, the
TPA-BD CMP demonstrates exceptional energy density values across all
tested power densities, starting at an impressive 127.30 Wh kgl at a
power density of 500 W kg ! and maintaining substantial energy storage
capabilities even at higher power densities, with an energy density of
approximately 4.16 Wh kg~ lat a power density of 10,000 Wkg .
Overall, those energy and power densities of BD CMPs show comparable
behaviours than those reported previously (Table S3). This remarkable

performance can be attributed to the redox-active nature of the TPA
units in TPA-BD CMP, which not only enhances charge storage through
pseudocapacitance but also facilitates efficient charge/discharge ki-
netics. The data indicate that TPA-BD CMP offers a superior balance
between energy and power densities compared to Py-BD CMP, rendering
it a more suitable candidate in instruments requiring both high energy
storage capacity and rapid discharge capabilities. The cycling stability
and performance of Py-BD and TPA-BD CMPs (Fig. S3a) were evaluated
through GCD tests conducted at a current density of 10Ag™" over
10,000 cycles. The results demonstrated significant differences in both
capacitance retention and overall cycling efficiency between the two
materials.

At the completion of 10,000 cycles, the specific capacitance for Py-
BD CMP was measured at 16.45F g™}, while the TPA-BD CMP dis-
played a notably capacitance of 54.44 F g* at a current density of 10 A
gl(Fig. S3a-b). This stark contrast in capacitance values indicates that
TPA-BD CMP not only retains a greater amount of charge storage
capability but also suggests superior electrochemical stability
throughout the cycling process. In terms of cycling stability, Py-BD CMP
maintained an impressive 90.80% of its initial capacitance after 10,000
cycles, demonstrating robust performance under prolonged cycling
conditions. Conversely, the TPA-BD CMP displayed a slightly lower
retention rate of 86.40%. Although both materials exhibited high
cycling stability, the raised absolute capacitance retention in TPA-BD
CMP signifies its enhanced ability to withstand repeated charge-
discharge cycles while maintaining effective energy storage. The supe-
rior performance of the TPA-BD CMP can be attributed to several factors
related to its molecular structure and electrochemical properties.
Further, the tunability between TPA and BD subunits. The presence of
redox-active TPA units within TPA-BD CMP enhances its electro-
chemical activity, allowing for more efficient charge storage mecha-
nisms beyond simple EDLC as we already explained above. This redox
activity contributes to the overall capacitance and enables better
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retention during cycling, as it facilitates reversible faradaic reactions
that can replenish charge more effectively than purely capacitive pro-
cesses. In contrast, while Py-BD CMP demonstrates commendable
cycling stability with a high percentage retention, its lower specific
capacitance at cycle 10,000 indicates limitations in its charge storage
capabilities over extended use. The observed decline in capacitance
could be due to factors such as increased internal resistance or structural
degradation during cycling, which may hinder ion transport and reduce
overall electrochemical performance. These results highlight the interest
of material design in optimizing supercapacitor performance. The
enhanced cycling stability and higher specific capacitance retention
observed in TPA-BD CMP position as a more favorable candidate for
devices requiring long-lasting energy storage solutions.

XPS analysis indicates that the overall chemical structure of the CMP
framework remains stable after cycling. A slightly higher percentage of
Cls signal was observed in the post-cycling electrode, which can
reasonably be attributed to the presence of conductive carbon black used
in the electrode slurry formulation. Since XPS is a surface-sensitive
technique, the contribution from carbon black on the electrode surface
can increase the relative carbon signal without indicating degradation of
the CMP framework (Fig. S4a-b). Further, The TEM images confirm that
the spherical morphology remains well preserved after 10,000 cycling.
Interestingly, the spherical features appear more clearly defined after
repeated charge-discharge processes, which may be attributed to
improved electrolyte penetration and removal of loosely attached sur-
face species during cycling. Importantly, no structural collapse or

(b)
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morphological degradation was observed (Fig. S4c—d).

The capacitive contributions to the total charge storage capacity of
the Py-BD and TPA-BD CMPs (Fig. 6a and b) were analyzed using the
equations: i(v) = k1v+k2v1/2 or i(v)/vl/z = klvl/2 + ka, where i(v)
considers the current response, v considers the scan rate, k; displays the
capacitive inclusion, and k, corresponds to the diffusion-controlled in-
clusion. This provides insights into the mechanisms governing charge
storage within these materials. At a scan rate of 5mV s, the capacitive
and diffusion contributions for Py-BD CMP were determined to be
90.59% and 9.41%, respectively (Fig. 6¢). In contrast, TPA-BD CMP
exhibited a lower capacitive contribution of 72.43% and a higher
diffusion contribution of 27.56% (Fig. 6d). The differences in capacitive
and diffusion-controlled contributions are indeed related to structural
factors such as pore architecture, BET surface area, and intrinsic redox
activity. The Py-BD CMP, with its higher surface area, shows more
dominant surface-controlled (capacitive) behavior. In contrast, TPA-BD
CMP exhibits a mixed contribution, where diffusion-controlled pro-
cesses are more noticeable compared with the Py-BD CMP due to its
denser framework and stronger redox-active sites.

The data indicate that the Py-BD CMP demonstrates a strong
capacitive behavior across all scan rates, with contributions exceeding
90% even at higher rates, reflecting its efficient charge storage capa-
bility primarily through EDLC mechanisms. This behavior is indicative
of rapid ions adsorption and desorption processes at the electrode
interface, which are essential for high-rate performance in super-
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capacitors. Conversely, the TPA-BD CMP shows a significant increase in
diffusion-controlled contributions as the scan rate increases, particularly
at lower rates where it reaches 27.56% at 5mVs ' and decreases to
9.23% at elevated rates (70 mV s’l). This suggests that while TPA-BD
CMP can also facilitate rapid charge storage through capacitive mech-
anisms, it relies more on ion diffusion processes within its structure,
which may limit its performance at very high scan rates compared to Py-
BD CMP. The differences in performance can be attributed to the
structural characteristics of each CMP; TPA-BD CMP's redox-active TPA
units may introduce additional pathways for charge storage but also
complicate ion transport dynamics compared to the more straightfor-
ward capacitive mechanism observed in the Py-BD CMP. To assess the
capacitive behavior of the Py-BD and TPA-BD CMPs, we employed a
power law to analyze the relationship in-between current density i as
well as scan rate (v). The relationship was expressed as: i= a- V’
whereas a and b are constants. By taking the logarithm of both sides, we
can derive log(i) =log(a)+ b-log (v). This equation allows us to plot log i
against log (v) (Fig. 6e and f), where the slope of the resulting line cor-
responds to the value of b. The magnitude of b provides insights into the
dominant charge storage mechanism within the CMPs. For Py-BD CMP
(Fig. 6e), the slope obtained from the log-log plot was 0.28, while for
TPA-BD CMP, the slope was significantly higher at 1.3 (Fig. 6f). These
values suggest distinct mechanisms governing charge storage in each
material. Regarding the Py-BD CMP (b = 0.28) indicates that the current
response is less sensitive to changes in scan rate, suggesting that a
substantial portion of charge storage occurs through capacitive mecha-
nisms. The value being less than 0.5 implies that diffusion processes play
a minimal role in charge transport at lower scan rates, highlighting that
Py-BD CMP primarily relies on surface capacitance for energy storage.
Further, this behavior is consistent with the high capacitive contribution
observed earlier, where approximately 90.59% of charge storage was
attributed to capacitive mechanisms under scan rate of 5mVs~’. In
contrast, the b value of 1.3 for TPA-BD CMP (Fig. 6f) indicates a strong
dependence of current on scan rate, suggesting that diffusion-controlled
processes significantly influence charge storage. This value being
greater than 1 implies that TPA-BD CMP exhibits a higher degree of
pseudocapacitance, likely due to redox reactions associated with the
TPA units. The higher reliance on diffusion processes aligns with earlier
findings where TPA-BD CMP showed lower capacitive contributions at
higher scan rates, indicating that ion transport within the TPA-BD CMP
matrix may limit performance under rapid cycling conditions.

To further elucidate the electrochemical response of the Py-BD and
TPA-BD CMPs, we conducted EIS measurements. The resulting Nyquist
plots (Fig. S5a) were fitted using the equivalent circuit shown in
Fig. S5b, comprising the bulk solution resistance (Rg), charge transfer
resistance (Rct), and a constant phase element (CPE) accounting for the
non-ideal capacitive behavior of the porous electrode surface.

The Nyquist plots for both materials display a small semicircle in the
high-frequency region, followed by a steep linear portion in the low-
frequency region. The high-frequency semicircle is attributed to the
Rt at the electrode/electrolyte interface. For the Py-BD CMP, the
R.tvalue was notably lower than that of TPA-BD CMP. This suggests that
the Py-BD CMP possesses a more favorable electronic structure or higher
wettability, facilitating faster faradaic charge transfer, likely stemming
from its redox-active pyrene units which enhance interfacial kinetics.
The low R values for both materials confirm their good electrochemical
reactivity and low energy dissipation during charge storage.

The intercept of the semicircle with the real axis (Z') at the highest
frequency corresponds to the bulk Rs. The R values were 26.6 Q for Py-
BD and 27.7 Q for TPA-BD, indicating consistent electrolyte conductiv-
ity and electrode preparation across samples. The subsequent vertical
line in the low-frequency zone, nearly parallel to the imaginary axis
(—Z"), signifies ideal capacitive behavior and confirms efficient elec-
trolyte ion diffusion into the microporous network of the CMPs. The
slightly more vertical slope observed for the Py-BD CMP implies a lower
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diffusion resistance compared to TPA-BD, which may be attributed to a
more open pore architecture facilitating ion mobility.

To quantify the frequency response, Bode phase angle and magni-
tude plots were analyzed (Fig. S5¢). In the low-frequency region of the
Bode magnitude plot, a linear negative slope confirms the dominance of
capacitive behavior, as the impedance is inversely proportional to
frequency.

A critical parameter derived from the Bode plot is the characteristic
relaxation time constant (ty), which represents the minimum time
needed to discharge all the energy with an efficiency greater than 50%.
This is calculated from the knee frequency (fy) at which the phase angle
reaches —45° (1o = 1/fp). The knee frequency for the Py-BD CMP was
340.56 Hz, corresponding to a very fast time constant of 2.94 ms
(Fig. S5d). In contrast, TPA-BD CMP exhibited a knee frequency of
2.19 Hz, resulting in a significantly slower time constant of 456 ms
(Fig. S5d). The superior rate capability of Py-BD CMP is evidenced by its
higher knee frequency, indicating that it can maintain capacitive
behavior even under rapid charge/discharge cycles. This is likely due to
the planar, rigid structure of Py promoting better n-n stacking and a
more interconnected conductive network within the polymer matrix,
facilitating faster electron transport. The lower knee frequency for TPA-
BD CMP suggests that while its TPA core contributes substantial pseu-
docapacitance (enhancing energy density), the bulkier structure may
impede ion kinetics at high frequencies, making it more suitable for
applications prioritizing energy storage over high power delivery.

3.1.3. Two electrode device system (coin cell)

In the construction of a symmetric supercapacitor, the TPA-BD CMP
was employed as both the cathode as well as anode, demonstrating its
versatility as an electrode material. The preparation involved creating a
suspension of the CMP according to the specified proportions, which was
subsequently applied to carbon paper to form the electrode. An aqueous
electrolyte solution of 1.0 M KOH was utilized in conjunction with a
Selemion AMV membrane to facilitate ion transport between the elec-
trodes during operation. Electrochemical characterization was per-
formed using CV across a range of scan rates in-between 5 to 200 mV s~
and within a potential window of —0.3 to 0.5V (Fig. 7a). The resulting
CV curves, as illustrated in the accompanying figures, exhibited a
distinctly rectangular shape, characteristic of ideal supercapacitor
behavior. This rectangular profile is indicative of the combined contri-
butions from EDLC and pseudocapacitance associated with the electro-
active components of TPA-BD CMP. Notably, this rectangular shape was
consistently maintained across the various scan rates tested, high-
lighting the stability and reliability of the electrochemical performance
of the symmetric supercapacitor configuration. The preservation of this
rectangular form under differing scan rates suggests superior charge
storage and rapid ion movement capabilities within the TPA-BD CMP
electrodes, reinforcing their suitability for high-performance energy
storage utilizations. This behavior assures the prospecting of TPA-BD
CMP in advanced supercapacitor designs, where both energy density
and power density are critical for practical applications.

The GCD profiles were conducted on coin cells incorporating the
TPA-BD CMP as the electrode material, across a range of current den-
sities ranging between 1 and 20 A g1 (Fig. 7b). The resulting discharge
profiles exhibited a characteristic triangular shape, indicative of the
capacitive behavior of the supercapacitor. At a current density of
1A g}, the GCD plateau demonstrated a significantly longer discharge
time compared to higher current densities. This extended discharge time
reflects the enhanced charge storage capacity and energy retention of
the TPA-BD CMP at lower current densities, allowing for more complete
ion intercalation and deintercalation processes. The triangular shape of
the discharge profile confirms the efficient charge storage mechanism
facilitated by both EDLC and pseudocapacitance associated with the
redox-active components in the TPA-BD CMP. As the current density
raised, a corresponding reduction in discharge time was observed, which
is typical for supercapacitors due to reduced ions transport times at
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Fig. 7. CV and GCD sweep scans of coin cell incorporated TPA-BD CMP electrode.

higher rates (Fig. S6a). The TPA-BD CMP incorporated coin cell shows a
specific capacitance of 232.5Fg ' at 1 Ag™! (Table S4). However, the
persistence of the triangular shape across varying current densities in-
dicates that TPA-BD CMP maintains its capacitive characteristics even
under rapid cycling conditions. The capacitance of the device incorpo-
rating the TPA-BD CMP was determined from the GCD plateaus at many
current densities. These statistical indicate a gradual decline in specific
capacitance with raising current density, which is typical for super-
capacitor materials. The high specific capacitance observed under
reduced current densities reflects the effective charge storage capabil-
ities of the TPA-BD CMP, attributed to its favorable structural and
electrochemical properties. As the current density increases, the reduc-
tion in specific capacitance suggests that ion transport limitations begin
to affect performance, highlighting the trade-off between power and
energy density in supercapacitor applications. The power and energy
densities regarding the coin cell incorporating the TPA-BD CMP were
evaluated based on the results obtained from the GCD curves. Under a
power density of 500 Wkg™!, the energy density was measured at
approximately 32.29 Wh kg~! (Fig. S6b), comparable versus those
earlier reported materials (Table S4), demonstrating the material's
capability for effective energy storage. As the power density increased, a
corresponding decrease in energy density was observed, which is a
common trend in supercapacitor performance. This relationship high-
lights the inherent trade-off between energy and power densities, where
higher power demands typically result in reduced energy retention.
Despite this decline, the TPA-BD CMP maintained competitive energy
density values across a range of power densities, underscoring its pro-
spection as an efficient electrode moiety for supercapacitor applications.
The ability of TPA-BD CMP to deliver substantial energy density at
relatively high power densities emphasize its suitability for applications
requiring both rapid discharge capabilities and significant energy stor-
age. These findings suggest that TPA-BD CMP can effectively balance the
dual requirements of energy and power, making it an ideal candidate for
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advanced energy storage systems where performance and efficiency are
critical.
To further investigate the electrochemical behaviour of TPA-BD

CMP, we examined the correlation between the (vl/ 2) and (i/v1/2>

(Fig. S7a). The data revealed a correlation that allowed us to assess the
inclusions of capacitive as well as diffusion-controlled processes to the
overall charge storage mechanism. At a scan rate of 5mV s}, the per-
centage contributions were detected to be approximately 56.54% for
capacitive behaviour and 43.35% for diffusion-controlled capacitance
(Fig. S7b). This indicates that a significant portion of charge storage in
the TPA-BD CMP is attributed to capacitive mechanisms, which is
favorable for high-rate performance in supercapacitor applications. We
also analyzed the relationship between varying scan rates and their
corresponding capacitive and diffusion percentages. The results
demonstrated that as the scan rate increased, the capacitive contribution
generally increased while the diffusion-controlled contribution
decreased. For instance, at a scan rate of 5mVs~!, the capacitive
contribution was 56.65%, which increased to 83.02% at 70 mV st
(Fig. S7c¢), illustrating a shift toward faster charge storage mechanisms
at higher rates. Conversely, the diffusion contribution reduced from
43.35% at 5mVs ! to 16.98% at 70mV s}, highlighting the reduced
influence of ion diffusion under rapid cycling conditions. Notably, the
charge storage behaviour of TPA-BD CMP shows consistent trends across
both three-electrode and coin cell configurations. In the three-electrode
system, the material exhibits a combination of capacitive and diffusion-
controlled processes, reflecting its intrinsic electrochemical character-
istics. In the coin cell device, a similar mechanism is observed; however,
the capacitive contribution becomes more dominant with increasing
scan rate (from ~56.6% at 5mV s~ to ~83.0% at 70 mV s’l), indicating
that fast surface-controlled processes govern charge storage under
practical operating conditions, while diffusion effects are more pro-
nounced at lower scan rates. This consistency confirms that TPA-BD
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CMP maintains efficient and adaptable charge storage behaviour from
fundamental evaluation to device-level application. To quantify these
relationships further, we employed a power law equation to analyze the
correlation between i and v. By plotting log (i) against log (v) (Fig. S7d),
we were able to derive a slope of 1.59. This slope indicates that the
current response is significantly influenced by the scan rate, suggesting a
strong dependence on both capacitive and diffusion-controlled pro-
cesses within the TPA-BD CMP. A slope greater than 1 implies that as the
scan rate increases, there is an enhanced capacity for charge storage due
to pseudocapacitance mechanisms associated with the redox-active
components of the TPA-BD CMP.

To evaluate the electrochemical kinetics and charge storage behav-
iour of the TPA-BD CMP electrode in a practical two-electrode config-
uration, EIS was performed on the assembled coin cell. The resulting
Nyquist plot (Fig. S8a) was analyzed using the equivalent circuit model
depicted in Fig. S7b.

The Nyquist plot exhibits a small, depressed semicircle in the high-
frequency region, followed by an almost vertical line in the low-
frequency region. The intercept of the semicircle with the real axis (Z)
at the highest frequency corresponds to the equivalent R, measured to
be 4.42 Q. This R, value encapsulates the total ohmic resistance of the
system, including the intrinsic resistance of the current collectors, the
bulk resistance of the CMP material, and the ionic resistance of the
electrolyte within the separator and electrode pores. The relatively low
Rs value indicates good electronic conductivity of the TPA-BD CMP
electrode and effective wetting by the electrolyte, ensuring minimal
ohmic losses during charge/discharge processes.

The diameter of the high-frequency semicircle represents the R,
which is associated with the faradaic processes and ionic transport at the
electrode/electrolyte interface. The relatively small diameter observed
for TPA-BD CMP suggests that the TPA-based CMP network facilitates
efficient charge transfer kinetics. This can be attributed to the redox-
active nature of the TPA core, which undergoes reversible oxidation,
lowering the energy barrier for interfacial charge transfer.

In the low-frequency region, the nearly vertical line is characteristic
of ideal capacitive behaviour. This confirms that the charge storage is
predominantly governed by a surface-controlled process with rapid ion
diffusion into the microporous framework. The steep slope indicates low
diffusion resistance (Warburg impedance) within the CMP's pore chan-
nels, signifying that the electrolyte ions can readily access the electro-
active sites throughout the polymer network.

The Bode magnitude plot (Fig. S8c) further supports these findings.
The impedance ([Z]) is high at low frequencies and decreases with
increasing frequency, demonstrating a transition from capacitor-
dominated behaviour to resistor-dominated behaviour. The slope of
this transition is indicative of the material's response time.

The frequency-dependent Bode phase-angle plot (Fig. S8d) provides
a quantitative measure of this transition. At fy, the resistive and capac-
itive components of the impedance are equal. For the TPA-BD CMP
electrode, the knee frequency was determined to be 65.82 Hz.

This knee frequency corresponds to a relaxation time constant
(to =1/fp) of approximately 15.2 ms. The time constant represents the
minimum time required to discharge all the stored energy with an effi-
ciency greater than 50%. A 7o of 15.2 ms is a highly competitive value,
indicating that the TPA-BD CMP electrode possesses excellent rate
capability and can deliver its stored energy effectively under rapid
charge/discharge conditions.

The stability of the TPA-BD CMP electrode incorporated in the coin
cell was evaluated through coulombic efficiency measurements, which
yielded a value of 78.52F g 'at 10Ag™! after 5000 cycles out of
93.70 Fg 'at 10 A g ! though the first cycle (Fig. $9a). This metric re-
flects the effective charge-discharge performance of the electrode ma-
terial over multiple cycles, indicating its ability to retain a substantial
amount of charge during operation. Additionally, the coin cell demon-
strated an impressive capacity retention of 79.37% of its initial capacity
after 10,000 cycles (Fig. S9b). While the retention value is moderate
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compared to some reported systems, it remains comparable to several
previously reported porous polymer-based supercapacitors, as summa-
rized in comparison Table S4. On the other hand, this level of capacity
retention underscores the robustness and durability of the TPA-BD CMP
electrode, suggesting that it can maintain efficient energy storage ca-
pabilities over time. The combination of high coulombic efficiency and
significant capacity retention highlights the potential of the TPA-BD
CMP as a reliable electrode material for supercapacitor applications,
where long-term stability and performance are critical for practical use.
These findings affirm the suitability of the TPA-BD CMP for advanced
energy storage systems, providing confidence in its performance under
real-world operating conditions. Future work will focus on practical
device demonstrations, such as powering LEDs or small electronic de-
vices, to further validate the real-world applicability of these materials.

4. Conclusion

This work demonstrated the successful design and analysis of two
CMPs, Py-BD and TPA-BD CMPs, incorporating indirubin-based units.
The TPA-BD CMP exhibited superior properties, including an enhanced
thermal stability, and a higher specific capacitance compared to the Py-
BD CMP. The electrochemical evaluation of the TPA-BD CMP in a two-
electrode coin cell system revealed high capacitance and stability,
underscoring its power as an advanced electrode for supercapacitors.
The integration of indirubin derivatives into CMP structures leveraged
their redox activity to enhance pseudocapacitance, contributing to
improved energy storage capacity. The findings of this research high-
light the importance of molecular design in enhancing the performance
of CMPs for energy storage apparatus. By exploring the structural and
electrochemical properties of these materials, we provided insights into
the role of indirubin-based CMPs in advancing supercapacitor technol-
ogy. Future studies can build upon these results by further optimizing
the chemical inclusions as well as structural properties of CMPs to
facilitate their energy density and power density. Additionally,
exploring the scalability and practical implementation of these materials
in real-world energy storage systems will be crucial for their widespread
adoption.
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