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ARTICLE INFO ABSTRACT

Keywords: Conjugated microporous polymers (CMPs) have arisen as a rapidly progressing category of materials, demon-
Pyrene ) ) strating immense potential across various technological domains, particularly in energy storage. In this study, we
Redox-active hexaazatrinaphthalene strategically synthesized two distinct CMP variants PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 via the

Conjugated microporous polymers
Supercapacitor
Faradaic behavior

Suzuki coupling reaction, modulating the monomeric ratio of 1,3,6,8-tetrabromopyrene (Py-4Br) and 2,8,14-
tribromodiquinoxalino[2,3-a:2',3"-c]phenazine (HATN-3Br) in the presence of 1,4-phenylenediboronic acid [PH-
(B(OH)3)2] to engineer high-performance supercapacitor (SC) electrodes. The structural integrity and physico-
chemical properties of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 were comprehensively analyzed
through multiple advanced techniques. Notably, PyPH-HATN-CMP-1.5 exhibited a well-defined rod-like
morphology, demonstrating the efficacy of monomeric tuning in tailoring the polymer architecture. Electro-
chemical evaluations underscored the superior capacitive behavior of the PyPH-HATN CMP-1.5 electrode,
delivering an exceptional specific capacitance of 1790 F.g™! at a 1 A.g~!. The charge storage mechanism was
characterized by a dominant diffusive contribution (75 %) complemented by a capacitive component (25 %) at 1
mV.s~L. Furthermore, the PyPH-HATN GMP-1.5 electrode showed remarkable rate capability and outstanding
cycling stability (97 %) of its initial capacitance after 5000 charge-discharge cycles at 20 A.g~!. These results
unequivocally highlight the potential of these architecturally engineered PyPH-HATN CMP-1.5 electrodes as
next-generation organic electrode materials for high-performance supercapacitors (SCs), paving the way for their
integration into advanced energy storage systems.

1. Introduction change [1-4]. The unsustainable consumption of natural resources,
coupled with escalating energy needs, has underscored the urgent need

The rapid surge in industrialization and the extensive reliance on to develop efficient and sustainable energy storage solutions [5-9].
fossil fuels have significantly contributed to pressing global challenges, Among the wide range of energy storage technologies, electrochemical
including environmental degradation, resource depletion, and climate devices, notably batteries and supercapacitors (SCs) are regarded as the
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most efficient solutions. While batteries function as energy-storage de-
vices, supercapacitors are designed for high-power applications, making
them indispensable in rapid energy delivery scenarios. SCs not only
regulate surge power but also exhibit remarkable advantages such as
superior charge-discharge rates, exceptional cycling stability, and
environmental sustainability [10-13]. Owing to these attributes, SCs
hold immense potential for deployment in diverse applications,
including wind turbines, electric vehicles, biomedical defibrillators,
memory backup systems, and other advanced technologies [10-14].
Based on their charge storage mechanisms, SCs are commonly classified
into two main types: electric double-layer capacitors (EDLCs) and
pseudocapacitors [15-18]. EDLCs retain electrical energy by reversibly
adsorbing and desorbing electrolyte ions on the electrode surface,
relying on electrostatic interactions without any charge transfer
[15-18]. In contrast, pseudocapacitors operate via an electrochemical
mechanism in which charge transfer occurs through redox reactions at
the electrode interface [15-18]. When EDLC and pseudocapacitive be-
haviors coexist within a system, both Faradaic and non-Faradaic pro-
cesses contribute synergistically to charge storage, thereby enhancing
the overall capacitance and electrochemical stability [19-25].

The significance of conjugated microporous polymers (CMPs)
matrices is rapidly expanding across a spectrum of applications,
particularly in energy storage, gas sorption, and catalysis [26-31].
Conjugated microporous polymers (CMPs), characterized by their
n-conjugated network and microporous architecture, have emerged as a
promising class of materials for advanced supercapacitor (SC) electrodes
[30-32]. Their unique combination of ultralow density, high surface
area, exceptional pore volume, and excellent thermal stability provides a
favorable platform for efficient ion transport and electrolyte accessibi-
lity—key factors in optimizing SC performance [30-32]. The integration
of redox-active n-conjugated units within their framework further en-
hances charge storage through faradaic processes, contributing to
improved specific capacitance and cycling stability [33-36]. Unlike
conventional polymers, CMPs possess intrinsic porosity and electrical
conductivity, making them ideal candidates for high-performance SC
electrode materials that demand both rapid charge transfer and robust
structural integrity [37-41]. Owing to the vast selection of monomeric
precursors and synthetic routes, conjugated microporous polymers
(CMPs) offer exceptional tunability, enabling precise control over their
structure, porosity, and electrochemical functionality. This structural
versatility is especially advantageous for SC electrodes, where opti-
mizing pore architecture and surface chemistry is critical for maximizing
ion diffusion, charge storage, and conductivity. By tailoring the molec-
ular design, CMPs can be engineered to achieve enhanced electro-
chemical performance, making them highly attractive as next-
generation electrode materials for high-efficiency SCs. Various syn-
thetic strategies have been employed to fabricate CMPs, encompassing
oxidative polymerization and conventional cross-coupling protocols
such as Suzuki-Miyaura, Sonogashira-Hagihara, and Yamamoto
coupling. These methodologies have enabled the development of CMPs
with diverse architectures and finely tuned functionalities, further
advancing their potential in next-generation energy storage technolo-
gies [30,31,42].

The pyrene (Py) moiety, characterized by its extended n-conjugation
and intrinsically planar architecture, exhibits potent electron-donating
properties [43,44]. Py plays a pivotal role in n-conjugated organic
semiconductors, which modulates molecular stacking interactions and
augments charge transport efficiency [45-48]. In the realm of energy
storage, pyrene-based CMPs have demonstrated remarkable electro-
chemical performance. For instance, Zhao et al. demonstrated the
fabrication of porous carbon from a pyrene-based CMP, achieving a
capacitance of 301 F.g~!, measured at 1 A.g™! [49]. Similarly, Singh
et al. synthesized ultrastable CMPs incorporating Py units with a specific
capacitance of 300 F.g’1 at 0.5 A.g’1 [50]. 1,4,5,8,9,12-Hexaazatriphe-
nylene (HATN), also referred to as [2,3-f:2',3-h]dipyrazinoquinoxaline,
is a rigid, planar, and electron-deficient discotic aromatic molecule
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renowned for its superior n-n stacking capabilities [51,52]. As a
nitrogen-rich polyheterocyclic system with an extended conjugated
framework, HATN possesses outstanding electronic and structural
characteristics, making it a fundamental molecular platform for the
strategic design of advanced functional materials for SCs [51-54]. The
inherent structural robustness of these materials enables finely tuned
electronic modulation via strategic heteroatom doping, particularly ni-
trogen (N), which significantly augments transport pathways and en-
hances overall electrochemical behavior [55,56]. Moreover, the
deliberate integration of donor (PyPH)-acceptor (HATN) motifs into the
conjugated microporous polymer (CMP) frameworks facilitates effective
bandgap engineering and lowers redox potentials, driven by pronounced
intramolecular charge-transfer interactions [57]. Collectively, these
synergistic effects yield superior charge carrier mobility and elevated
power densities, underscoring their potential as advanced materials for
high-performance electrochemical systems [58,59].

The polycondensation coupling process, specifically the Suzuki
cross-coupling reaction, was employed to synthesize two redox-active
CMP samples, denoted as PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 using Py-4Br and HATN-3Br in the presence of PH-(B(OH)3)>
as a linker as the fundamental monomeric building blocks for high-
performance SCs applications. The structural, morphological, and
physicochemical characteristics of the resulting CMPs were meticu-
lously elucidated through an array of advanced spectroscopic and
microscopic analytical techniques. The incorporation of the redox-active
HATN unit endows these CMPs with exceptional electrochemical prop-
erties, positioning them as highly promising precursors for SC elec-
trodes. Galvanostatic charge-discharge (GCD) and cyclic voltammetry
(CV) assessments revealed that PyPH-HATN CMP-1.5 exhibits
outstanding specific capacitance values along with remarkable cyclic
stability, surpassing conventional CMP-based SCs. These findings un-
derscore the pivotal role of rationally designed HATN-anchored CMPs in
advancing sustainable energy technologies. Beyond their application in
supercapacitors, the intrinsic structural tunability and superior elec-
trochemical performance of these materials render them compelling
candidates for multi-functional clean energy applications.

2. Experimental section
2.1. Materials

From Across and Sigma-Aldrich, pyrene (Py), 4-bromobenzene-1,2-
diamine [4-Br-BZ-2NH;], nitrobenzene (BZ-NOj), bromine solution
(Bry), Pd(PPhs)4, glacial acetic acid (AcOH), cyclohexanone octahy-
drate, potassium carbonate (K2COs), 1,4-phenylenediboronic acid PH-(B
(OH)3)2, and anhydrous magnesium sulfate (MgSO4) were obtained.

2.2. Synthesis of Py-4Br [59]

Py (0.85 g, 4.3 mmol) in BZ-NO; (50 mL) and Br; (1 mL, 19.43 mmol)
were added with stirring at 130-140 °C for 24 h. Then, the product was
filtered and washed several times with EtOH to remove BZ-NO, and
excess Bry to acquire Py-4Br as a pale-light solid. FTIR (Fig. S1): aro-
matic C—H (3078 cm™!), 1591, 1462 cm ! (C=C) and C—Br (671
cm ™). HR ES-MS (m/2): caled for (C16HeBry4), 517.87; found, 517.7148
[Fig. S21.

2.3. Synthesis of HATN-3Br

A solution of 4-Br-BZ-2NH; (3 g, 16.04 mmol) in 150 mL of AcOH
under continuous stirring. Subsequently, cyclohexanone octahydrate
(1.7 g, 5.35 mmol) was introduced into the reaction mixture and kept at
the refluxing temperature of 120 °C for 24 h under a nitrogen atmo-
sphere with constant agitation. The crude product was isolated via
vacuum filtration and subjected to sequential purification through
extensive washing with deionized H20, EtOH, and hot AcOH. The
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resulting yellow-green powder was then subjected to oxidative treat-
ment by stirring in 50 mL of 35 wt% HNO3 at 120 °C. The final material
was acquired as a green solid, designated as HATN-3Br. FTIR (Fig. S3):
aromatic C—H (3068 cm™!), C=N (1615 cm}), 1516, 1481 cm !
(C=C). HR ES-MS (m/2): caled for (Cy4HgBrsNg), 621.09; found,
621.8403 [Fig. S4].

2.4. Synthesis of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5

To prepare PyPH-HATN CMP-0.75: In a Schlenk flask, Py-4Br (0.3 g,
0.57 mmol), HATN-3Br (0.27 g, 0.44 mmol), PH-(B(OH)3)» (0.24 g, 1.45
mmol), KoCO3 (2 M, 10 mL), and Ph(PPhg)4 (0.065 mmol) were pre-
pared. To this mixture, 20 mL of water and 40 mL of DMF were added,
and the temperature of the reaction mixture at 140 °C with constant
stirring for three days. The same method was used the same to prepare
PyPH-HATN CMP-1.5 by Py-4Br (0.3 g, 0.57 mmol), HATN-3Br (0.54 g,
0.88 mmol), PH-(B(OH)3)> (0.3 g, 1.74 mmol). The resulting green
precipitates of PyPH-HATN CMP-0.75 [Scheme S1] and PyPH-HATN
CMP-1.5 [Scheme S2] were washed with various organic solvents to
remove unreacted materials and impurities.

3. Results and discussions

3.1. Synthesis and characterization of PyPH-HATN CMP-0.75 and
PyPH-HATN CMP-1.5

The synthesis of key building precursors, Py-4Br and HATN-3Br, was
carried out following the schematic approach illustrated in Fig. 1. Py-
4Br was obtained in high yield through the bromination of Py using
Br; in the presence of BZ-NO,, at an elevated temperature of 130-140 °C
[Fig. 1(a)]. The HATN-3Br was synthesized with superior purity and
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outstanding yield through the reaction of 4-Br-BZ-2NH, with cyclo-
hexanone octahydrate at 120 °C, employing AcOH as both solvent and
catalyst, resulting in a green solid [Fig. 1(b)]. The successful formation
of HATN-3Br was confirmed using FT-IR spectroscopy, which demon-
strated the complete disappearance of FTIR absorption bands related to
C—=O0 and NH; groups. Additionally, new peaks emerged at 3068, 1615,
1516, and 1481 cm ™, corresponding to C—H in the phenyl rings, C=N,
C—N, and C—=C bonds, respectively, in the HATN moiety [Fig. S1]. As
illustrated in Fig. 1(c), the organic electrodes, PyPH-HATN CMP-0.75
and PyPH-HATN CMP-1.5, designed for SCs applications, were synthe-
sized through the Suzuki reaction of Py-4Br with HATN-3Br in the
presence of PH-(B(OH)2) as a linker agent. These green powder mate-
rials incorporate the highly active HATN moiety, rich in redox-active
functional groups, thereby enhancing their electrochemical perfor-
mance [54,60,61]. The functional groups present in PyPH-HATN CMP-
0.75 and PyPH-HATN CMP-1.5 were confirmed through FT-IR spec-
troscopy at 25 °C, as depicted in Fig. 2(a). The spectra of both PyPH-
HATN CMP-0.75 and PyPH-HATN CMP-1.5 exhibited strong and
nearly identical absorption peaks. Notably, distinct peaks in the range
3047-3051 cm™! and 1613-1603 cm™! regions relate to the aromatic
C—H stretching and C=N, respectively [54]. The characteristic ab-
sorption at 1613-1604 cm ! is for C=C units [54]. The carbon frame-
works of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 were further
characterized by solid-state 13C NMR (SSNMR) spectroscopy. Distinct
peaks were observed in the 13C SSNMR spectra at 142.56-118.87 ppm
and 143.54 ppm, corresponding to aromatic carbon signals from the
PyPH and HATN moieties, respectively. An additional peak at 153.93
ppm is attributed to the C=N units, as shown in Fig. S5. The chemical
composition of PyPH-HATN CMP-1.5, as determined by X-ray photo-
electron spectroscopy (XPS), confirmed the existence of a substantial
amount of carbon (C) and nitrogen (N) atoms, as illustrated in the survey

(a)

Br,/BZ-NO,
B ———
130-140 °C

HO'B‘OH

Suzuki Coupling

Br.
o NH \[;LN
0 0 AcOH/120 °oc N N°
(o] ¢N

o}
herel

|
|
PyPH-HATN CMP y

Fig. 1. Schematic for the preparation of the (a) Py-4Br, (b) HATN-3Br, and (c) PyPH-HATN CMP [PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5].
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Fig. 2. (a) FTIR profiles recorded for the PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5. (b) XPS survey spectrum of PyPH-HATN CMP-1.5, (c, d) Deconvolution
spectra of the C 1 s and N 1 s in the PyPH-HATN CMP-1.5 framework. (e) TGA traces and (f) N, adsorption-desorption isotherms of the PyPH-HATN CMP-0.75 and

PyPH-HATN CMP-1.5.

spectrum [Fig. 2(b)]. Deconvolution of the C 1s spectrum revealed two
distinct peaks at 285.2 eV and 284.0 eV, corresponding to C=N and
C-C/C=C bonds, respectively [Fig. 2(c)] [54].

Additionally, the deconvoluted peaks of N 1s at 398.5 and 399.8 eV
in Fig. 2(d) are severally assignable to C=N bond and C-N-C linkage
within the HATN unit. The incorporation of nitrogen heteroatoms

significantly enhances electrochemical performance by facilitating
pseudocapacitance, thereby increasing the overall capacitance when the
material is immersed in an electrolyte solution [54,60]. The thermal
stability of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 was
assessed using thermogravimetric analysis (TGA), as shown in Fig. 2(e).
Both materials demonstrated excellent thermal resistance, attributed to
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the robust Py and HATN unit linkage formed and the formation of a rigid
aromatic skeleton via the Suzuki coupling reaction. Specifically, PyPH-
HATN CMP-1.5 exhibited a higher char yield (71 wt% and T419 =
410 °C) than that of PyPH-HATN CMP-0.75 (58 wt% and T419 = 383 °C)
under a Ny atmosphere at 800 °C [60,62]. Powder X-ray diffraction
(PXRD) analysis revealed structural differences between the two mate-
rials. PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 exhibited broad
diffraction peaks, indicating an amorphous nature as presented in
Fig. S6. The Brunauer-Emmett-Teller (BET) method was employed to
determine the specific surface areas of PyPH-HATN CMP-0.75 and
PyPH-HATN CMP-1.5. The adsorption-desorption isotherms, presented
in Fig. 2(f), revealed distinct textural characteristics. PyPH-HATN CMP-
1.5 followed a Type-IV isotherm, characteristic of meso- and micropo-
rous structures. Whereas PyPH-HATN CMP-0.75 exhibited a Type-III
isotherm, indicative of nonporous or weakly porous materials. The
calculated surface areas (Spgr) of PyPH-HATN CMP-0.75 and PyPH-
HATN CMP-1.5 were determined to be 15 and 55 m2.g™?, respectively.
According to the nonlocal density functional theory (NLDFT) method,
the pore diameters of PyPH-HATN CMP-1.5 are primarily distributed
between 1.75 and 9.4 nm, as shown in Fig. S7. The morphological fea-
tures of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 were exam-
ined using a high-resolution scanning electron microscope (SEM) and
SEM-EDS analyses as presented in Fig. 3. The SEM images of the
PyPH-HATN CMP-0.75 revealed the formation of aggregated nano-
particles that were evenly dispersed across the material's surface [Fig. 3
(a-d)], while PyPH-HATN CMP-1.5 displayed an assembly of rod-like
structures with well-defined pores and sharp edges [Fig. 3(e-h)]. The
distinct morphologies observed for PyPH-HATN CMP-0.75 and PyPH-
HATN CMP-1.5, as evidenced by SEM imaging, arise from differences
in HATN feed ratios. At lower HATN feed ratios (e.g., PyPH-HATN CMP-
0.75), the polymerization process lacks structural precision, resulting in
randomly cross-linked, amorphous networks with pronounced particle
agglomeration. In contrast, increasing the HATN content (e.g., PyPH-
HATN CMP-1.5) enhances the density of reactive sites and extends
n-conjugation, thereby directing the formation of more ordered, aniso-
tropic architectures characterized by rod-like morphologies. This
morphological evolution is further driven by intensified n—x stacking
interactions that promote self-assembly, underscoring the synergistic
influence of both kinetic and thermodynamic factors modulated by the
HATN feed ratio. The SEM-EDS analysis confirmed the elemental
composition of PyPH-HATN CMP-1.5, revealing a predominant homo-
geneous dispersion of C and N atoms throughout PyPH-HATN CMP-1.5
frameworks [Fig. S8]. TEM analysis further confirmed the porous nature
of both PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5, with no
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discernible lattice fringes, indicating their weakly crystalline structures
[Fig. S9].

3.2. Electrochemical activity of PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 electrodes

A three-electrode setup was constructed in order to assess the per-
formance of the PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5
electrodes. On the constructed three-electrode cell, the GCD profiles
were recorded at several current rates, and the CV profiles were noted at
a voltage ranging from O to —1 V at various scan rates. In a three-
electrode cell setup with an aqueous 1 M KOH electrolyte, the charge
storage characteristics of the PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 electrodes were investigated. The CV profiles were performed
on the three-electrode cell at several scan rates of 5 to 200 mV.s ! in the
above-mentioned voltage. The acquired CV profiles are displayed in
Fig. 4(a) and (b). A symmetrical redox peaks CV profile with prominent
redox peaks at —0.7 V is produced at all scan rates, indicating a Faradaic
process as the dominant mode for charge storage [54,63-65]. The cur-
rent response in the CV profiles with ascending scan rate indicates that
the organic electrode materials have a significant rate capability, which
is a useful property for building a supercapacitor. Given the size of the
area under the CV curves, the PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 electrodes appear to retain charge effectively. Compared to
the PyPH-HATN CMP-0.75 electrode, where capacitive behavior ap-
pears more prominent, the CV profile of the PyPH-HATN CMP-1.5
electrode exhibits sharper redox peaks that contribute to a strong
Faradaic reaction. The redox peaks observed in the CV profiles could be
attributed to the reversible redox transitions involving the nitrogen
atoms within the HATN core in PyPH-HATN CMP. Specifically, these
correspond to the reversible n-type redox processes of the electron-
deficient heterocyclic units (C=N/C-N-K), which undergo potassium-
coupled electron transfer (PCET) in the presence of the aqueous elec-
trolyte. General redox process:

C=N+K'+e =2C-N-K

Although both PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 are
based on the same redox-active units, the differences in their CV curves
could be attributed to variations in polymer network structure and
porosity arising from the different monomer ratios. The PyPH-HATN
CMP-1.5 sample possesses a more extended network, potentially
altering ion accessibility and the electronic conductivity, leading to
shifts in peak position, intensity, and shape. These structural differences
are supported by our BET surface area and pore size distribution data

Fig. 3. (a-h) SEM images recorded for the (a-d) PyPH-HATN CMP-0.75 and (e-h) PyPH-HATN CMP-1.5 [Scale bar in all SEM images is 1 pm].
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[Fig. 2(f) and Fig. S7], which shows that PyPH-HATN CMP-1.5 is
characteristic of meso and microporous structures [Sggr = 55 mz.g’l],
whereas PyPH-HATN CMP-0.75 is indicative of weakly porous material
[Sper = 15 m>. g’l]. As such, while the redox-active sites are chemically
identical, their electrochemical accessibility and kinetics can vary
significantly depending on the polymer network structure and porosity
[66].

Thus, to quantify the charge storage feature of the PyPH-HATN CMP-
0.75 and PyPH-HATN CMP-1.5 electrodes, the three-electrode cells were
subjected to GCD cycling at several current rates at the same fixed

voltage. The GCD plots recorded at 1, 2, 3, 5, 7, 10, 15, and 20 A.g’l, are
shown in Fig. 4(c) and (d). The obtained GCD graphs were very sym-
metric at all current densities, indicating the strong reversibility of the
generated CMP electrodes for charge storage and release. Excellent
charge storage capability and robust electrochemical stability are indi-
cated by the almost triangular GCD curves of both electrode materials,
which have either constant plateau areas or a slight curvature. The
plateau areas imply the persistence of a Faradaic nature, while triangle
curves support the presence of EDLC behavior. High coulombic effi-
ciency is also demonstrated by the appearance of extremely symmetric
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GCD graphs. Both pseudo-capacity and EDLC characteristics were
demonstrated by the triangular, slight bend in the shape of these GCD
curves. The specific capacitance of the electrodes was estimated at each
current density from the GCD profiles [67]. Therefore, Fig. 4(e) presents
the equation that correlates current density with the measured specific
capacitance (Csp) for PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5
electrodes. Additionally, due to ions present in electrolytes having suf-
ficient time to access the active site of the electroactive CMPs, a rise in
capacitance is seen at lower scan rates.

Contrarily, descending scan rates result in a faster electrolyte de-
livery to the electroactive materials, which reduces capacitance and is
seen in the GCD plots. The PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 electrodes exhibited a specific capacitance of 162 and 1790
F.g"! at 1 A.g~L. Pseudocapacitive behavior arises due to Faradaic in-
teractions taking place between electrolytes and heteroatoms present on
microporous carbon surfaces. The GCD analysis revealed that the PyPH-
HATN CMP-1.5 electrode discharge curves showed a longer period of
discharge than the PyPH-HATN CMP-0.75 electrode. Interestingly, Csp
values 82 F.g~! for PyPH-HATN CMP-0.75 and 930 F.g! for PyPH-
HATN CMP-1.5 were displayed by the electrodes also at 5 A.g™ ..
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Thus, suggesting that the active material was fully utilized for charge
storage. Notably, PyPH-HATN CMP-1.5 exhibits a higher content of
redox-active HATN units, which introduces an increased density of
electron-deficient nitrogen sites capable of undergoing reversible fara-
daic reactions. This structural feature, combined with the rod-like
morphology of PyPH-HATN CMP-1.5, significantly facilitates electro-
lyte ion transport and enhances the accessibility of redox-active sites,
thereby markedly improving electrochemical performance. Further-
more, the elevated concentration of nitrogen heteroatoms and HATN
moieties contributes to superior specific capacitance, primarily through
enhanced electrode-electrolyte interface wettability and the prolifera-
tion of electrochemically active sites. Notably, the specific capacitance
of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 electrodes steadily
decreased with ascending current density, as electrolyte ions cannot
fully migrate through the porous CMPs at higher current densities as for
charge storage, only the external active surface is utilized. The cyclic
stabilities of PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 elec-
trodes were assessed over 5000 cycles at 20 A.g L. As illustrated in Fig. 4
(f), both PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 electrode
materials demonstrated outstanding stability of 87 % and 97 % to their
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original capacitance, respectively. The proposed mechanism of the
PyPH-HATN CMP electrode material during the discharge-charge pro-
cess is illustrated in Fig. 5. This mechanism suggests that each HATN
unit serves as an active redox center capable of accepting up to six
electrons in the charging process. During charging, the conjugated
structure of the HATN unit facilitates electron transfer, enabling effi-
cient charge storage. The reduction of the HATN core likely occurs in a
stepwise manner, with sequential electron uptake leading to the stabi-
lization of intermediate species.

Conversely, in the discharging process, the stored electrons are
released, restoring the original oxidation state of the HATN units. This
reversible redox activity contributes to the overall electrochemical
performance of the PyPH-HATN CMP material, making it a promising
candidate for SC applications. A comparison of Csp values of the PyPH-
HATN CMP-0.75 and PyPH-HATN CMP-1.5 based organic electrode
materials at their respective current densities and the present work are
shown in Table S1. Undoubtedly, the reported specific capacitance of
PyPH-HATN CMP-1.5 electrode is comparable with the previous litera-
ture due to its moderate surface area, porosity, and greater number of N
heteroatoms in the HATN units leading to exceptional performance.

Electrochemical impedance spectroscopy (EIS) was used to probe the
electrochemical features of PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 electrodes, as illustrated in Fig. 6(a) and (b). EIS is useful for
studying the ion and electron motions on the three-electrode setup
before and after conducting cycle life tests (5000 cycles), as well as for
analysing its impedance behavior across different frequencies and
additional electrochemical characteristics like resistance and capaci-
tance [68]. Following fitting the EIS curves, the initial resistances of the

(a)
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PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 electrodes were
determined to be 27.47 Q and 12.57 Q, respectively. The PyPH-HATN
CMP-1.5 electrode showed its benefits as an efficient electrode mate-
rial by having the least amount of resistance. As seen by the frequency-
dependent magnitude Bode curve in Fig. 6(c), PyPH-HATN CMP-0.75
and PyPH-HATN CMP-1.5 exhibit remarkable capacitive properties in
energy applications. Fig. 6(d) displays frequency-dependent phase-angle
Bode profiles for PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5
electrodes, illustrating the knee frequencies that gauge the porous ma-
terial's performance. The knee frequency emerges when the phase angle
reaches 45°, indicating a balance between capacitive and resistive re-
sponses. PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 were found
to have knee frequencies of 6.64 Hz and 2.10 Hz, respectively. In
conclusion, the EIS data showed that both electrodes, particularly PyPH-
HATN CMP-1.5 with its low series resistance, possess the ability to be
exploited as efficient SC electrode materials.

3.3. Capacitive and diffusive charge storage in PyPH-HATN CMP-0.75
and PyPH-HATN CMP-1.5 electrodes

A thorough CV analysis was conducted on a three-electrode setup at
different low scan rates to deconvolute the capacitive and diffusive
modes of charge storage in the PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5, as illustrated in Fig. S10(a) and Fig. 7(a). For both PyPH-HATN
CMP-0.75 and PyPH-HATN CMP-1.5, the CV profiles show distinct redox
peaks clearly at all low scan rates. Fig. S10(b) and Fig. 7(b) show the
Randles-Sevcik plots, which were generated to investigate the impact of
scan rate on the corresponding peak currents derived from the CV. The
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peak current increases linearly with an increase in scan rate, indicating
the occurrence of reversible ion diffusion in the PyPH-HATN CMP-0.75
and PyPH-HATN CMP-1.5 electrodes. The capacitive and diffusive
charge storage can be distinguished quantitatively using the Power law,
as shown below [69]:

i=a’
log(i) = loga + blog(v)

where a and b are constants and i and v represent the peak current (in A)
and scan rate (in mV.s ). The slope of the log(i) vs log(v) linear plot can
be used to get the constant b, and the intercept can be used to determine
the constant a. If b = 0.5, the electrode is diffusive; if b = 1.0, it is said to
be capacitive [70]. The calculated slope values for the anodic and
cathodic peaks in the Power-law linear plot are 0.584 and 0.865 for
PyPH-HATN CMP-0.75 electrode and 0.590 and 0.981 for PyPH-HATN
CMP-1.5 electrode as depicted in Fig. S10(c) and Fig. 7(c), respec-
tively, indicating that the charge storage in PyPH-HATN CMP-0.75 and
PyPH-HATN CMP-1.5 electrodes is a combination of capacitive and
diffusion mode charge storage, with the diffusive mode predominating.
Additionally, the percentage contributions of the diffusive capacitances
and the double layer were measured using Dunn's approach. It states
that both capacitive and diffusive contributions make up the total

current, i, in the CV profile at any potential, as shown below [71]:

l(V) = icap + idiff

i(v)

1
v1/2 = kle Jrkz

i(v) = kyv+kov'/? or
where k; and ko are constants, i(v) represents the total current, icap
represents the capacitive current contribution attained because of
double-layer (DL) storage, and igi represents the diffusive current
contribution as a result of the Faradaic reactions. For the anodic and
cathodic response, Fig. S10(d) and Fig. 7(d) show Dunn's plot, which is a
linear plot of i/v'7? vs (W'7?). The corresponding capacitive and
diffusive current contributions were assessed at different scan rates
based on the slope values. Fig. S10(e) and Fig. 7(e) present a bar diagram
that illustrates the contributions. The diffusion was as high as 76 % for
the PyPH-HATN CMP-0.75 electrode and 75 % for the PyPH-HATN
CMP-1.5 electrode at 1 mV.s™!, validating the diffusive method of
charge storage. Significant capacitive contributions could reach up to
63 % for the PyPH-HATN CMP-0.75 electrode and 66 % for the PyPH-
HATN CMP-1.5 electrode, whereas the diffusive contribution
decreased to 37 % for the PyPH-HATN CMP-0.75 electrode and 34 % for
the PyPH-HATN CMP-1.5 electrode at 7 mV.s"'. The CV profile for
PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 electrodes,
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respectively, was obtained at 5 mV.s™!, shows contributions of the
diffusive (47.44 %) and capacitive (53.56 %) types in Fig. S10(f) and
Fig. 7(f). At low frequencies, ion transport through the electrode active
materials is evident. The following equation was used to get the diffu-
sion coefficient of the ions from the low-frequency region of the EIS
spectra [66]:

R2T?

D=——-——
2A2n*F*C202

where A stands for the electrode area, n for the number of electrons, F for
the Faraday constant, C for the initial concentration, R for the gas con-
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stant, T for the absolute temperature, and ¢ for the Warburg factor. The
following equation, in which ® stands for the angular frequency in the
low-frequency area, is associated with the Warburg factor [72]:

Z xow /?

The slope of this linear equation of Z’ and @~ /2 corresponds to the

Warburg factor (c), which is connected to the ion diffusion in the elec-
trode material. The computed ¢ for the PyPH-HATN CMP-0.75 and
PyPH-HATN CMP-1.5 electrodes is 744.67 and 237.35, respectively, as
illustrated in Figs. S11(a) and S11(b). As a result, the diffusion coeffi-
cient (Doy) values for the ions in PyPH-HATN CMP-0.75 and PyPH-
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HATN CMP-1.5 electrodes are 1.29 x 107! and 1.27 x 107! ecm?s7,
respectively. The higher diffusion coefficient of PyPH-HATN CMP-1.5
can be attributed to factors like enhanced ion transport pathways due to
the rod-like morphology of the PyPH-HATN CMP-1.5 as compared to
PyPH-HATN CMP-0.75, which facilitates faster electrolyte ion diffusion,
improving ionic mobility within the electrode material. The increased
HATN content in PyPH-HATN CMP-1.5 introduces more electrochemi-
cally active nitrogen sites, enhancing ion-electron interactions. This led
to improved charge accommodation and faster redox kinetics, contrib-
uting to a slightly higher diffusion coefficient. Further, for practical
applicability, two-electrode symmetric SC in the form of CR-2032 were
fabricated employing the PyPH-HATN CMP-1.5 electrode material over
a potential range of 0-0.8 V, as displayed in Fig. 8(a). It is seen that all
the CV curves show a nearly rectangular form accompanied with humps
representing typical double layer (DL) and pseudocapacitive charac-
teristics. As the scan rate increases, the current response in the CV
profiles rises as well, suggesting that the PyPH-HATN CMP-1.5 electrode
has good rate capability and electrode stability, two qualities that are
favorable for SCs applications. GCD profiles at a range of current den-
sities from 1 to 10 A.g! within the fixed potential window as shown in
Fig. 8(b) were used to calculate the Csp of the PyPH-HATN CMP-1.5
electrode. The nearly triangular curves show the effects of both electric
DL capacitance and pseudo-capacitance, due to the presence of hetero-
atoms in the PyPH-HATN CMP-1.5 electrode, causing an asymmetric
curve. Based on the GCD curves, the Cg, of the PyPH-HATN CMP-1.5
electrode was 640 F.g~!, respectively, at a 1 A.g~! as seen in Fig. 8(c).
Remarkably, Fig. 8(d) highlights that the symmetric PyPH-HATN CMP-
1.5-coin cell achieved the highest Cg,, outperforming previously re-
ported electrodes such as PDPT-CNT [73], O/S-CCOF-900 [74], O/S-
CCOF-700 [74], TTh-Ph-PyTE CMP [23], PLC-650-2 [75], and O/S-
CCOF-800 [74]. Additionally, the energy density of PyPH-HATN CMP-
1.5 (57.4 Wh.kg’l) [Fig. 8(e)]. Furthermore, we evaluated the cycling
stability at 10 A.g™" for 5000 cycles for PyPH-HATN CMP-1.5 [Fig. 8(f)],
the PyPH-HATN CMP-1.5 electrode (98.57 %) had a greater capacity
retention rate.

Thus, the PyPH-HATN CMP-1.5 electrode offered higher specific
capacitance and better overall performance. Impedance analysis was
performed on the coin cells to investigate the ion/electron transit. In
Fig. S12(a), the resulting Nyquist plots (raw and fitted) are displayed for
the PyPH-HATN CMP-1.5 with the equivalent circuit (inset) used to fit
the curves. The Nyquist plots have a 45° angled spike to the x-axis in the
low-frequency zone, suggesting a capacitive nature for charge storage,
and a semicircle in the high-frequency region, suggesting the electrode/
electrolyte resistance. The solution resistances of the PyPH-HATN CMP-
1.5 were 5.44 Q, whereas its corresponding charge-transfer resistances
was 10.37 Q, respectively. Fig. S12(b) illustrates the magnitude Bode
plots as a function of frequency, exhibiting insignificant resistance at
higher frequencies and inclined lines with a negative gradient in the
low-frequency region. For a phase angle of 45°, the knee frequencies for
PyPH-HATN CMP-1.5 were determined to be 18.04 Hz, respectively,
based on the frequency-dependent phase angle graphs shown in Fig. S12
(c). Thus, the lower solution and charge-transfer resistance of PyPH-
HATN CMP-1.5 offered higher specific capacitance and better overall
performance. Ex-situ FTIR analyses were performed on symmetric
PyPH-HATN CMP-0.75 and PyPH-HATN CMP-1.5 coin cells after 5000
charge-discharge cycles (Fig. S13). The spectra revealed minimal
changes compared to the initial state, indicating that both the structural
and chemical frameworks of the PyPH-HATN CMP-0.75 and PyPH-
HATN CMP-1.5 electrodes remained largely unaltered throughout pro-
longed electrochemical cycling. These results affirm the excellent
chemical stability and robustness of the CMP materials under repeated
redox conditions. To evaluate the structural integrity and elucidate the
reaction mechanism of the PyPH-HATN CMP-based electrodes, CR2032-
type coin cells incorporating PyPH-HATN CMP-0.75 and PyPH-HATN
CMP-1.5 were disassembled after 5000 charge—discharge cycles. SEM
analysis of the cycled electrodes [Fig. S14] revealed notable differences
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in morphological evolution. The PyPH-HATN CMP-1.5 electrode, which
initially exhibited a rod-like morphology, transformed into thermody-
namically favorable spherical aggregates. This restructuring is attrib-
uted to repeated and reversible redox processes, as schematically
illustrated in Fig. 5. In contrast, the PyPH-HATN CMP-0.75 electrode
retained a morphology closely resembling its pristine state, with no
significant structural degradation. The preserved appearance suggests
enhanced molecular mobility under electrochemical cycling conditions,
which may facilitate reorganization and densification, ultimately
yielding a more porous structure. The excellent long-term cycling sta-
bility observed for both electrodes is primarily ascribed to the intrinsic
robustness of the CMP frameworks. Their highly porous and x-conju-
gated architectures afford substantial free volume, enabling efficient ion
diffusion and electron transport throughout extended cycling. Notably,
although PyPH-HATN CMP-1.5 experienced morphological evolution
from rods to agglomerated spheres, the continuity of the electroactive
polymer network remained intact. This structural preservation un-
derpins the sustained electrochemical performance and high capaci-
tance retention observed over prolonged operation. Density functional
theory (DFT) calculations were conducted for both building blocks [Py
and HATN] as well as the PyPH-HATN CMP to elucidate their geometric
structures and electronic properties. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
along with their corresponding energy levels, were computed using the
B3LYP-D3(BJ)/6-31G(d) method. The optimized geometry of Py and
HATN shows that both molecules are perfectly planar. The Py and HATN
moieties in the PyPH-HATN CMP have torsional angles of 54.0 and 35.4
to the benzene ring. Fig. S15 presents the HOMO-LUMO isosurface maps
of Py, HATN, and PyPH-HATN CMP. Both building units [Py, HATN] are
completely conjugated, with both HOMO and LUMO spread over the
entire conjugated system. The HOMO-LUMO energy gap is 3.857 eV for
Py and 3.77 eV for HATN. The HOMO is the part that donates electrons
because it has the electrons with the highest energy. LUMO, on the other
hand, is the electron-accepting region. In Fig. S15, the HOMO of Py has
higher energy than HATN. Moreover, the LUMO of HATN has lower
energy than Py. These results show that Py is a better electron donor and
HATN is a better acceptor. In the PyPH-HATN CMP, HOMO and LUMO
are located in two different regions. The HOMO is located on the Py
moiety, with no contribution from the HATN system. The LUMO, on the
other hand, consists entirely of the HATN. This is reflected in the en-
ergies of the HOMO and LUMO of the polymer. The PyPH-HATN CMP
has a HOMO energy of —5.29 eV, only 0.04 eV higher than the Py ring.
The PyPH-HATN CMP has the same energy for LUMO as HATN, —2.63
eV. This led to the reduction of the HOMO-LUMO gap of the PyPH-HATN
CMP to 2.66 eV. The small gap of the PyPH-HATN CMP indicates that it
is more reactive than both building units. This distribution of the HOMO
and LUMO, on two different parts of the PyPH-HATN CMP, shows that
excitation will be followed by electronic charge transfer from Py to the
HATN moiety. Moreover, the small energy gap between the two orbitals
facilitates the charge transfer and leads to improving the SCs application
for PyPh-HATN CMP [76]. The electronic charge will be delocalized
over the molecule forming a molecular conductor. Fig. S16 shows the
molecular electrostatic potential (MESP) analysis of the building units
and the PyPH-HATN CMP. This plot gives a numerical expression of the
electrophilic and nucleophilic sites and thus shows the most reactive
sites, within a molecule. The red color shows the areas with the highest
electron density; low electron densities are depicted by a blue color. In
Py, high electron densities (areas with dense red color) are around the
n-electrons of the rings. These are the areas with the highest negative
potential. The terminal hydrogens of the aromatic rings have the highest
positive potential. For HATN, the highest negative ESP is —49 kcal/mol
and is produced by the lone pairs of nitrogen atoms.

4. Conclusions

In this study, we successfully developed unique PyPH-HATN CMP-
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1.5, via Suzuki coupling, deliberately incorporating redox-active HATN
moieties to enhance their functionality as organic electrode materials
with high efficiency for next-generation supercapacitors. Morphological
analysis unveiled that PyPH-HATN CMP-1.5 featured a well-defined rod-
like framework, intricately engineered with a highly interconnected
network of pores. Electrochemical assessments demonstrated that the
PyPH-HATN CMP-1.5 electrode exhibited an exceptionally high Csp of
1790 F.g7! at 1 A.g7!, attributed to its well-engineered porosity,
heteroatom-rich composition, and optimized structural attributes.
Notably, even at an elevated 20 A.g~}, the PyPH-HATN CMP-1.5 elec-
trode retained a commendable Csp of 640 F.g L. Furthermore, the PyPH-
HATN CMP-1.5 electrode demonstrated outstanding long-term electro-
chemical stability, maintaining 97 % of its initial capacitance after 5000
charge-discharge cycles. Beyond its superior electrochemical perfor-
mance, PyPH-HATN CMP-1.5 electrode exhibited a pronounced diffu-
sive charge storage mechanism, with up to 75 % diffusion-controlled
contribution at 1 mV.s™! and a diffusion coefficient of 1.27 x 10710
em?.s~!. These findings underscore the immense potential of PyPH-
HATN CMP-1.5 as promising candidates for next-generation SCs appli-
cations, because of the facile synthetic approach, rich HATN units, and
tunable morphology.
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