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eering of anthracene- and
thiazolo[5,4-d] thiazole-based donor–acceptor
conjugated microporous polymers with
heteroatom adoption for enhanced energy storage
capacity

Abdul Basit,†a Mohamed Gamal Mohamed, †*ab Hira Karim c

and Shiao-Wei Kuo *ad

Conventional supercapacitor electrodes are often hampered by low energy density, limited cycle life, and

inadequate electrical conductivity. In contrast, conjugated microporous polymers (CMPs) represent an

emerging class of electrode materials that simultaneously provide high surface areas, robust structural

integrity, and enhanced electronic conductivity. Herein, we present the rational design and synthesis of

two novel donor–acceptor (D–A) conjugated microporous polymers (CMPs) featuring a high density of

heteroatoms [thiazolo[5,4-d]thiazole, TzTz] strategically embedded within the framework, namely ANPh-

TzTz and ANTPh-TzTz, incorporating redox-active thiazolo[5,4-d]thiazole (TzTz) units as organic

electrodes for supercapacitor applications via a condensation reaction between 2,3,6,7,9,10-hexa-(4-

formylphenyl)anthracene (ANPh-6CHO) or 4,40,400,4000-(anthracene-9,10-
diylidenebis(methanediylylidene))tetrabenzaldehyde (ANTPh-4CHO) and dithiooxamide in N,N-

dimethylformamide (DMF). Both materials have outstanding thermal stabilities and exhibit moderate

Brunauer–Emmett–Teller (BET) surface areas. Electrochemical evaluation reveals that ANPh-TzTz CMP

delivers an excellent specific capacitance of 541 F g−1 with a remarkable capacitance retention of 94%

over extended cycling. Furthermore, symmetric coin cell devices constructed using ANPh-TzTz CMP as

the active material exhibit outstanding electrochemical performance, achieving a high energy density of

16.1 Wh kg−1 at a power density of 705.9 W kg−1, along with a device-level capacitance of 220 F g−1.

These results show how effective molecular engineering may be in creating next-generation CMP-based

electrode materials and how promising they are for high-performance energy storage applications.
Introduction

In the modern digital era, society is increasingly reliant on elec-
tronic devices, creating an ever-growing demand for a reliable
energy supply and efficient storage systems. This energy demand
is predominantly met by a mix of renewable sources—such as
solar, wind, ocean, hydropower, and biomass—and non-
renewable fossil fuels, including coal, natural gas, and petro-
leum.1,2 Alarmingly, approximately 90% of carbon dioxide
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emissions in most countries stem from fossil fuel combustion,
which collectively contributes to over 75% of global greenhouse
gas emissions. Despite the promise of renewable energy, its
inherent intermittency and dependence on environmental
conditions limit its capacity to ensure the stable and continuous
energy supply required for sustained economic development and
digital infrastructure.3–5 Striking an optimal balance between
technological advancement, environmental stewardship, and
uninterrupted energy delivery remains a critical challenge.
Among energy storage technologies, supercapacitors (SCs) and
rechargeable batteries have garnered signicant attention.
Batteries, although capable of high energy storage, suffer from
limited cycling stability and environmental concerns associated
with redox-active materials.6,7 In contrast, supercapacitors, with
their superior power density, rapid charge–discharge rates, and
extended cycle life, represent a compelling and increasingly
indispensable solution for addressing future energy storage
demands.8,9 Conventional batteries, while indispensable, are
fundamentally constrained by their limited energy storage
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41913
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capacity and relatively slow charge–discharge kinetics. In
contrast, electrostatic capacitors—particularly supercapacitors
(SCs)—offer exceptionally high power densities, unlocking
signicant potential for next-generation energy storage
systems.10,11 As global demand intensies for compact, safe, and
high-performance power solutions across commercial, military,
and consumer sectors, the development of advanced energy
storage technologies is becoming increasingly urgent and stra-
tegically important.12–14 SCs emerge as a promising alternative,
characterized by outstanding electrochemical reversibility,
minimal thermal output, rapid charge–discharge capability, and
extraordinary cycling stability, oen exceeding 105 cycles.15,16 SCs
exhibit notable increases in energy and power densities due to
their improved electrode–electrolyte interfacial characteristics
and superior ion transport kinetics, which make them ideal for
dynamic energy applications requiring responsiveness and reli-
ability.17,18 Their robust operational stability, wide electro-
chemical window, and prolonged cycle life render them highly
suitable for high-demand scenarios where performance, endur-
ance, and fast energy delivery are critical.19 Because of these
qualities, SCs are now at the forefront of energy solutions for
a variety of applications, such as heavy-duty transportation, grid
load balancing, regenerative braking systems, portable elec-
tronics, hybrid electric cars, and industrial-scale power manage-
ment infrastructures.13,20–24 The integration of organic materials
into electronic devices signicantly inuences the structural and
electrochemical behavior of electrode architectures. Among
these, porous organic functional materials have emerged as
a compelling class of next-generation candidates for energy
storage and exible electronics, owing to their structural
tunability and multifunctionality.25,26 Several critical attributes
position porous organic materials as highly attractive for
electrochemical applications: (i) they are cost-effective and
exhibit favorable photoelectrical properties;27 (ii) their electro-
chemical characteristics are inherently stable yet tunable,
enabling systematic molecular engineering to optimize charge
storage capacities and redox potentials;28 (iii) their high micro-
porosity offers abundant electroactive sites and enhances ion/
electron transport pathways at the electrode–electrolyte inter-
face;29,30 and (iv) their intrinsic porosity, cross-linked polymeric
networks, and diverse functional groups provide broad oppor-
tunities for chemical functionalization and performance
enhancement.31,32 Within this material class, CMPs have
garnered particular attention due to their p-conjugated frame-
works, permanent porosity, and chemically tunable
backbones.33–36 These features confer CMPs with outstanding
redox activity, structural diversity, and robust chemical and
thermal stability—critical parameters for high-performance
energy storage systems.37,38 The extensive microporous network
intrinsic to CMPs facilitates a high density of accessible surface
sites, promoting efficient charge transport and ion accessibility.
Consequently, CMPs stand at the forefront of advanced organic
electrode materials, demonstrating great promise for applica-
tions in next-generation exible and intelligent electronic
devices.39–51 Anthracene (AN), a rigid polycyclic aromatic hydro-
carbon characterized by an extended p-conjugated framework,
exhibits strong uorescence and high optical absorbance,
41914 | J. Mater. Chem. A, 2025, 13, 41913–41930
making it a cornerstone in a variety of optoelectronic applica-
tions. Functionalized anthracene derivatives have been exten-
sively employed in organic light-emitting diodes (OLEDs),
uorescent sensors, electrochromic systems, and dye-sensitized
solar cells, owing to their excellent photophysical properties
and structural versatility.52,53 While AN-based motifs have also
been explored in battery technologies, their direct integration
into SC architectures has remained largely unexplored, primarily
due to their intrinsically large energy gaps, which limit electronic
conductivity and redox accessibility.54,55 TzTz scaffolds have
garnered signicant attention across diverse research domains
owing to their rigid, coplanar architecture, extended p-conjuga-
tion, and intrinsic electron-decient nature enriched with
nitrogen and sulfur heteroatoms. These molecular features
endow TzTz derivatives with exceptional charge transport char-
acteristics and robust environmental stability.56,57 As a result,
TzTz-based compounds have been widely exploited in high-
performance applications, including gas separation, organic
electronics, and photovoltaics.58,59 The inherent structural
robustness of CMPs enables precise modulation of their elec-
tronic properties through heteroatom incorporation, thereby
enhancing their electrical conductivity and electrochemical
performance. In particular, the strategic integration of donor–
acceptor (D–A) moieties facilitates effective band gap engi-
neering, driven by strong intramolecular electronic interactions.
This electronic synergy not only lowers the redox potential but
also signicantly augments the power density, underscoring the
potential of D–A-functionalized CMPs in high-performance
energy storage and conversion applications.60 Despite the prom-
ising attributes of thiazolo[5,4-d]thiazole (TzTz) units, their
incorporation into CMPs for energy storage applications remains
largely underexplored. To date, only a limited number of studies
have reported the construction of TzTz-based donor–acceptor (D–
A) CMPs. In a notable advancement, a novel class of (D–A) CMPs
was synthesized by coupling electron-rich anthracene (AN) and
anthraquinone (ANT)-based aldehydes (ANPh-6CHO and ANTPh-
4CHO) with the electron-decient TzTz via a condensation reac-
tion with dithiooxamide, yielding ANPh-TzTz and ANTPh-TzTz
CMPs, respectively. Electrochemical characterization demon-
strates that ANPh-TzTz CMP exhibits an outstanding specic
capacitance of 541 F g−1, coupled with excellent cycling stability,
retaining 94% of its capacitance over prolonged operation.
Moreover, symmetric coin cell devices assembled with ANPh-
TzTz CMP as the active electrode material deliver remarkable
energy storage performance, achieving a high energy density of
16.1 Wh kg−1 at a power density of 705.9 W kg−1, and a device-
level capacitance of 220 F g−1, highlighting its potential for use
in future electrochemical energy storage systems.

Experimental section
Materials

4-Formylphenylboronic acid (PFPBA, 98%), anthracene (AN, 97%),
cesium carbonate (Cs2CO3,$99.5%), anthraquinone (ANT, 97%),
and dithiooxamide (98%) were obtained from Sigma-Aldrich.

Triphenylphosphine (PPh3), bromine solution (Br2, 99%),
carbon tetrabromide (CBr4, 99%), and potassium carbonate
This journal is © The Royal Society of Chemistry 2025
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(K2CO3, $99.8%) were purchased from SHOWA, and tetra-
kis(triphenylphosphine)palladium [Pd(PPh3)4, 98%] from Leyan.
Dichloromethane (DCM), 1,4-dioxane (DO), toluene, and N,N-
dimethylformamide (DMF) were acquired from Fisher Chemical.

Synthesis of ANPh-6CHO

AN (2.66 g, 15.1 mmol), Br2 (5.49 g, 100.4 mmol), and Fe powder
(5.62 g, 100.4 mmol) were stirred in dry DCM (30 mL) under Ar at
RT for 6 h. Aer quenching with 10% Na2S2O3, the solid was
washed with DCM, brine, water, and MeOH to give AN-6Br as
a gray powder (6.83 g, Scheme S1(a)).61 Amixture of AN-6Br (1.77 g,
2.66 mmol), PFPBA (4.1 g, 27.33 mmol), K2CO3 (3.8 g, 27.4 mmol),
and Pd(PPh3)4 (0.63 g, 0.55 mmol) was placed under vacuum and
purged with argon. To the mixture, DO (140 mL), and deionized
water (40 mL) were added. For 72 hours, the reaction mixture was
heated to 90 °C and vigorously stirred. Aer completion, the
mixture was transferred to ice-cold water containing 2 mL of
concentrated HCl. The resulting green solid [ANPh-6CHO] was
collected through ltration and washed thoroughly with water to
afford the desired product (Scheme S1(b)). FTIR: 2815 and
2731 cm−1 (HC]O), 1701 cm−1 (C]O) and 3054 cm−1. (Fig. S1).
1HNMR: (500 MHz, DMSO, d, ppm) 10.15 (2H, CHO), 9.92 (4H,
CHO), 8.19, 7.75, 7.68, and 7.31 (Fig. S2). 13CNMR: (125 MHz, d,
ppm) 193 (CHO), 148-126.04 for aromatic carbons (Fig. S3).

Synthesis of ANTPh-4CHO

To a 250 mL ame-dried round-bottomed ask equipped with
a magnetic stir bar were added ANT (3.67 g, 17.63 mmol), CBr4
(23.4 g, 70.5 mmol), and PPh3 (30.9 g, 141 mmol) in 100 mL of
anhydrous toluene under an inert atmosphere. The resulting
mixture was heated at reux (115 °C) for 72 h. Using
dichloromethane/hexane (1 : 4 v/v) as the eluent, the reaction
mixture was cooled to room temperature, concentrated under
reduced pressure, and the crude product was puried by ash
column chromatography on silica gel. The extracted white solid
was recrystallized from methanol to afford pure 9,10-
bis(dibromomethylene)-9,10-dihydroanthracene (ANT-4Br) as
white crystalline needles [Scheme S2(a)]. In a 100 mL oven-dried
round-bottomed ask, ANT-4Br (1.15 g, 2.21 mmol), PFPBA
(3.1 g, 13.34 mmol), Cs2CO3 (11.5 g, 35.31 mmol), and Pd(PPh3)4
(03 g, 0.22mmol) were suspended in a biphasic mixture of DO (100
mL) and deionized water (40 mL). For 16 h, the reaction mixture
was heated to reux under vigorous stirring. Aer cooling to
ambient temperature, the reaction was quenched with brine and
extracted with DCM (2× 50 mL). Aer being dried over anhydrous
MgSO4, the mixed organic layers were ltered and vacuum
concentrated. Purication by silica gel chromatography using
hexanes/ethyl acetate (4 : 6 v/v) furnished ANTPh-4CHO as a pale
yellow solid (1.2 g, Scheme S2(b)). FTIR (cm−1, Fig. S4): 3062, 2834,
2740, 1703 cm−1. 1HNMR (500MHz,DMSO-d6): d 9.98 (s, 4H), 7.94,
7.87, 6.96, 6.81 ppm [Fig. S5]. 13C NMR (500 MHz, DMSO-d6): d 193
(CHO), 147.51–126.04 ppm [Fig. S6].

Synthesis of ANPh-TzTz CMP and ANTPh-TzTz CMP

In a typical synthesis of ANPh-TzTz CMP and ANTPh-TzTz CMP,
a 100 mL Schlenk tube was charged under argon with
This journal is © The Royal Society of Chemistry 2025
dithiooxamide (0.22 g, 1.9 mmol) and ANPh-6CHO (0.5 g, 0.62
mmol) or ANTPh-4CHO (0.57 g, 0.91 mmol). Dry DMF (45 mL)
was added, and the reaction mixture was stirred at 135 °C for
180 h. Aer cooling to room temperature, the dark brown
precipitate was collected through ltration and then rened by
Soxhlet extraction using DMF to remove unreacted monomers
and low-molecular-weight byproducts. The CMP yielded the
ANPh-TzTz CMP as a ne dark green powder [Scheme S3] and
the ANTPh-TzTz CMP as a dark brown solid [Scheme S4].

Results and discussion
Synthesis and structural characterization of ANPh-TzTz CMP
and ANTPh-TzTz CMP

Two conjugated microporous polymers (CMPs), namely ANPh-
TzTz CMP and ANTPh-TzTz CMP, were strategically engi-
neered for applications in supercapacitor systems (SCs). These
CMPs incorporate anthracene (AN), anthraquinone (ANT), and
the electron-decient thiazolo[5,4-d]thiazole (TzTz) units, as
illustrated in Scheme 1(c) and (d). ANPh-TzTz CMP [Scheme
1(c)] was obtained as a vibrant green powder through the
reaction of ANPh-6CHO [Scheme 1(a)] with dithioxamide, while
ANTPh-TzTz CMP [Scheme 1(d)] was obtained as a distinct
deep-brown solid prepared by the reaction of ANTPh-4CHO
[Scheme 1(b)] with dithioxamide. These pronounced color
differences stem from the incorporation of heteroatoms (S/N)
and the extended p-conjugation frameworks. Remarkably,
both CMPs [ANPh-TzTz CMP and ANTPh-TzTz CMP] exhibit
exceptional chemical stability in aqueous environments and are
completely insoluble in a broad range of common organic
solvents [DMSO, DMF, THF, and DCM], underscoring their
robust structural integrity. The key aldehyde-functionalized
monomers, ANPh-6CHO and ANTPh-4CHO, were synthesized
via a robust Suzuki–Miyaura cross-coupling reaction between
AN-6Br or ANT-4Br and 4-formylphenylboronic acid (PFPBA),
serving as the aldehyde source. This efficient transformation
yielded ANPh-6CHO as a green powder [Scheme S1] and ANTPh-
4CHO as a white powder [Scheme S2], as shown in the Experi-
mental section. FTIR and NMR spectroscopy unambiguously
conrmed the molecular structures of ANPh-6CHO and ANTPh-
4CHO, respectively. As depicted in Fig. S1 and S4, the FTIR
spectrum of ANPh-6CHO [Fig. S1] exhibits distinct absorption
bands corresponding to the aldehyde C–H stretches at 2815 and
2731 cm−1, the aromatic sp2 C–H stretch at 3054 cm−1, and
a strong C]O stretching vibration at 1701 cm−1. In the case of
ANTPh-4CHO [Fig. S4], the FTIR spectrum displays well-dened
absorption bands attributable to the aldehyde C–H stretches at
2834 and 2740 cm−1, the aromatic C–H vibration at 3062 cm−1,
and a prominent C]O stretching band at 1703 cm−1. The 1H
NMR spectra of ANPh-6CHO (Fig. S2) and ANTPh-4CHO (Fig.
S5) further corroborate their structures, each exhibiting
a pronounced downeld resonance characteristic of the alde-
hydic proton. ANPh-6CHO shows distinct signals at 10.15 and
9.92 ppm, while ANTPh-4CHO displays a sharp aldehyde peak at
9.98 ppm, denitively conrming the presence of the formyl
functionality in both monomers. Furthermore, the existence of
carbonyl functionalities was strongly supported by 13C NMR
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41915

https://doi.org/10.1039/d5ta05442g


Scheme 1 Synthesis process of (c) ANPh-TzTz CMP and (d) ANTPh-TzTz CMP from (a) ANPh-6CHO and (b) ANTPh-4CHO and dithiooxamide.
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analysis, which showed distinctive C]O resonances for both
ANPh-6CHO (Fig. S3) and ANTPh-4CHO (Fig. S6), at about
193 ppm, further validating the successful incorporation of the
aldehyde groups. The successful synthesis of ANPh-TzTz CMP
and ANTPh-TzTz CMP was unambiguously conrmed through
solid-state 13C CPMAS NMR and FT-IR spectroscopy. In the FT-
IR spectra [Fig. 1(a)], characteristic absorption bands observed
near 3059–3049 cm−1, 1675–1657 cm−1, and 835–826 cm−1

provide compelling evidence for the incorporation of aromatic
sp2 C–H moieties from the AN and ANT units, as well as the
presence of C]N and C–S–C functionalities, which are diag-
nostic of the TzTz framework. The 13C CPMAS NMR spectra of
ANPh-TzTz CMP and ANTPh-TzTz CMP [Fig. 1(b)] exhibit no
substantial differences, reecting their closely related molec-
ular architectures. A prominent resonance peak at approxi-
mately 169 ppm is attributed to the N]C carbon of the TzTz
moiety conjugated to the aromatic backbone, while the weaker
signal near 150 ppm corresponds to the aromatic carbon
directly bonded to the TzTz unit. Broad resonances spanning
41916 | J. Mater. Chem. A, 2025, 13, 41913–41930
138 to 127 ppm are indicative of the diverse aromatic carbon
environments within the CMP network, underscoring the
extended p-conjugated structure.62 Thermogravimetric analysis
(TGA) was conducted to evaluate the thermal resilience and char
yield of ANPh-TzTz CMP and ANTPh-TzTz CMP. The materials
exhibited substantial carbon residues of 66 wt% and 61 wt% at
800 °C, reecting their excellent thermal durability. The Td10
values—dened as the temperature at which 10% weight loss
occurs—were measured at 435 °C for ANPh-TzTz CMP and 246 °
C for ANTPh-TzTz CMP [Fig. 1(c)]. The structural features of
both ANPh-TzTz and ANTPh-TzTz CMPs were rigorously exam-
ined via powder X-ray diffraction (XRD) using Cu Ka radiation
over a 2q range of 3–60°. Both materials exhibited a broad
diffraction halo centered around 2q z 19°, indicative of their
predominantly amorphous nature [Fig. 1(d)]. The lack of long-
range order in these amorphous frameworks confers distinct
electrochemical advantages over crystalline analogs. Speci-
cally, the abundance of coordinatively unsaturated sites and
structural defects facilitates enhanced charge transport and ion
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) FTIR, (b) solid state 13C-NMR, (c) TGA, and (d) XRD analyses of ANPh-TzTz CMP and ANTPh-TzTz CMP.
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diffusion.63 Moreover, the inherent disorder imparts exibility
to the framework, enabling adaptive self-reconstruction during
cycling, thereby promoting both rapid reaction kinetics and
long-term structural stability. The elemental composition of the
ANPh-TzTz and ANTPh-TzTz CMPs was further elucidated
through X-ray photoelectron spectroscopy (XPS) [Fig. S7]. The
survey spectrum conrmed the presence of carbon (C), nitrogen
(N), and sulfur (S) in both frameworks. Quantitative analysis
revealed atomic weight percentages of 67.8% C, 22.7% N, and
9.3% S for ANPh-TzTz CMP, whereas ANTPh-TzTz CMP
comprised 68.9% C, 21.7% N, and 9.2% S (Table S1). Decon-
volution of high-resolution C 1s spectra identied peaks cor-
responding to C]C at 283.6 eV (ANPh-TzTz CMP) [Fig. 2(a)] and
283.5 eV (ANTPh-TzTz CMP) [Fig. 2(d)]. In contrast, signals at
284.6 and 284.4 eV were attributed to C–N/C]N linkages.
Distinct C–S contributions were observed at 289.6 eV and
288.9 eV for ANPh-TzTz and ANPh-TzTz CMPs, respectively.
The N 1s spectra revealed peaks at 399.6 and 401.0 eV, assigned
to N–C and N]C in ANPh-TzTz CMP [Fig. 2(b)], with analogous
peaks at 399.5 and 400.1 eV in ANTPh-TzTz CMP [Fig. 2(e)]. For
This journal is © The Royal Society of Chemistry 2025
S 2p, characteristic doublets at 163.7 and 167.3 eV (ANPh-TzTz
CMP) [Fig. 2(c)] and 163.5 and 165.6 eV (ANTPh-TzTz)
[Fig. 2(f)] correspond to S 2p3/2 and S 2p1/2 states. The relative
abundance of each functional group was determined from the
integrated areas of the deconvoluted peaks (Table S2). The N2

sorption isotherms of ANPh-TzTz and ANTP-TzTz CMP corre-
spond to type IV behavior with H4-type hysteresis, indicating
a micro–mesoporous texture. The steep uptake at P/P0 < 0.1
evidences signicant microporosity, while the hysteresis loop
suggests the presence of slit-like mesopores or interparticle
voids [Fig. 3(a) and (b)], characteristic of microporous archi-
tectures. The Brunauer–Emmett–Teller (BET) surface areas
(SBET) were measured to be 213 m2 g−1 for ANPh-TzTz CMP and
115 m2 g−1 for ANTPh-TzTz CMP. The total pore volumes (TPVs)
of ANPh-TzTz and ANTPh-TzTz CMPs were 0.19 and 0.40 cm3

g−1, respectively.
Pore size diameters (PSD), determined using the non-local

density functional theory (NLDFT) model, were 1.86 nm for
ANPh-TzTz CMP [Fig. 3(c)] and ranged from 1.06 to 2.31 nm for
ANTPh-TzTz CMP [Fig. 3(d)]. Quantitative analysis conrmed this
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41917
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Fig. 2 High-resolution XPS spectra and corresponding peak fittings of (a and d) C 1s, (b and e) N 1s, and (c and f) S 2p for (a–c) ANPh-TzTz CMP
and (d–f) ANTPh-TzTz CMP.
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dual porosity; t-plot analysis (Fig. S8) revealed a micropore
volume of 0.233 cm3 g−1 for ANPh-TzTz, which constitutes
approximately 58.3% of its total pore volume (0.4 cm3 g−1). The
majority of the pore volume is attributed to micropores, aligning
with the observed isotherm shape. ANTPh-TzTz displays a similar
micro–mesoporous character, albeit with a lower overall pore
volume (Vtotal= 0.19 cm3 g—1; Vmicro= 0.0103 cm3 g−1) (Table S3).
These variations in porosity metrics are attributed to subtle
differences in molecular architecture and packing behavior.
Transmission electron microscopy (TEM) images [Fig. 3(e–h)]
further corroborate the disordered morphology; no lattice fringes
were observed even at high magnication, reinforcing the
amorphous character of the ANPh-TzTz CMP and ANTPh-TzTz
CMP. Notably, this disordered yet porous framework supports
facile electrolyte penetration and ion transport during high-rate
electrochemical cycling, a key attribute for advanced energy
storage applications. Morphological characterization by
41918 | J. Mater. Chem. A, 2025, 13, 41913–41930
scanning electron microscopy (SEM) revealed that ANPh-TzTz
CMP exhibits a more rod-like morphology [Fig. 3(i)] while
ANTPh-TzTz CMP displays irregularly aggregated, amorphous
particles[Fig. 3(j)]. Elemental mapping via SEM-EDS conrmed
the uniform distribution of C, N, and S within both the ANPh-
TzTz CMP and ANTPh-TzTz CMP [Fig. S9].
Electrochemical performance of ANPh-TzTz and ANTPh-TzTz
CMPs based on three-electrode systems

The electrochemical performance of ANPh-TzTz and ANTPh-TzTz
CMPs was systematically investigated using cyclic voltammetry
(CV) and galvanostatic charge–discharge (GCD)measurements in
a three-electrode conguration with 1 M KOH as the electrolyte.
ANPh-TzTz and ANTPh-TzTz CMPs served as active electrode
materials, with a Pt wire and Hg/HgO employed as counter and
reference electrodes, respectively. A slurry was prepared by
dispersing the ANPh-TzTz and ANTPh-TzTz CMPs (50%), carbon
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a and b) N2 adsorption–desorption isotherms, (c and d) pore size diameters, (e–h) TEM images, and (i and j) SEM images for (a, c, e, f and i)
ANPh-TzTz CMP and (b, d, g–j) ANTPh-TzTz CMP.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 7

:5
5:

20
 P

M
. 

View Article Online
black (CB, 40%), and Naon (10%) in a mixture of EtOH/H2O
(200 mL: 800 mL) and then sonicated for 2 h. CV experiments were
conducted over a potential window of −1.0 to 0 V at scan rates
ranging from 5 to 20 mV s−1 [Fig. 4(a) and (c)]. Both ANPh-TzTz
and ANTPh-TzTz CMPs exhibited nearly rectangular CV
proles, indicative of dominant electric double-layer capacitance
(EDLC) behavior. Minor deviations from ideal rectangularity
suggest a pseudocapacitive contribution, likely arising from
redox-active moieties embedded within the framework.64,65 GCD
measurements [Fig. 4(b) and (d)], performed over the same
potential window at current densities ranging from 1 to 20 A g−1,
revealed that both ANTPh-TzTz and ANPh-TzTz CMPs have
symmetric triangular proles without discernible redox plateaus,
consistent with capacitive energy storage.

At low scan rates, higher specic capacitance was observed,
suggesting efficient electrolyte ion diffusion and access to
internal active sites. Conversely, a marked decline in capaci-
tance at higher current densities reects kinetic limitations in
ion transport, restricting charge storage to external surfaces.
Specic capacitances calculated from GCD data reached 356 F
g−1 for ANTPh-TzTz CMP and an impressive 541 F g−1 for ANPh-
TzTz CMP at 1 A g−1 [Fig. 5(a)]. Both materials exhibited rapid
capacitance decay with increasing current density, attributed to
diffusion constraints within the porous matrix. Furthermore,
the specic capacitances of the ANPh-TzTz CMP and ANTPh-
TzTz CMP, determined from GCD measurements at a current
density of 1 A g−1 [Fig. S10(a) and (b)], were evaluated aer
incorporating 10 wt% and 20 wt% of carbon black. The results
demonstrate that, with 10 wt% carbon black, the specic
capacitances reached 431 F g−1 for ANPh-TzTz CMP and 322 F
g−1 for ANTPh-TzTz CMP at 1 A g−1. When the carbon black
This journal is © The Royal Society of Chemistry 2025
content was increased to 20 wt%, the capacitances further
improved to 473 F g−1 and 340 F g−1a respectively, at 1 A g−1, as
illustrated in Fig. S10(c). Long-term cycling stability assessed
over 5000 charge–discharge cycles demonstrated excellent
retention of 94% and 93% for ANPh-TzTz CMP and ANTPh-TzTz
CMP, respectively [Fig. 5(b)], underscoring the structural
robustness and electrochemical durability of the TzTz-linked
CMP networks. The presence of TzTz moieties contributes
signicantly to charge storage by introducing nitrogen-rich sites
that enhance electrical conductivity, stabilize the framework,
and increase the density of electroactive centers.66 Further
insight into the charge storage mechanism was obtained via
power-law analysis (eqn (1)), providing a quantitative evaluation
of capacitive versus diffusion-controlled contributions.

i = avb (1)

The power-law equation was used to examine the relation-
ship between peak current (i) and scan rate (v) to clarify the
underlying charge storage behavior, where a and b are adjust-
able parameters and b represents the slope obtained from log(i)
vs. log(v) plots [Fig. 6(a) and (b)]. The charge storage mechanism
is diagnostically indicated by the value of b, where b z 0.5
signies diffusion-controlled processes and b z 1 corresponds
to capacitive-dominated behaviour.67,68 The calculated b-values
were 0.89 for ANTPh-TzTz CMP and 1.01 for ANPh-TzTz CMP,
suggesting a predominantly capacitive response in both
systems, with ANPh-TzTz CMP exhibiting nearly ideal surface-
controlled kinetics. Further quantitative analysis of capacitive
versus diffusion-controlled contributions was carried out using
eqn (2), and the results are presented in [Fig. 6(c) and (d)].
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41919
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Fig. 4 (a and b) CV and (c and d) GCD of (a–c) ANTPh-TzTz CMP and (b and d) ANPh-TzTz CMP, measured using a three-electrode setup.
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i(V) = k1v + k2v
1/2 (2)

At a scan rate of 5 mV s−1, surface-controlled charge storage
accounted for 91% and 81% of the total current response in
ANTPh-TzTz CMP and ANPh-TzTz CMP, respectively. Notably,
these contributions increased signicantly at higher scan rates
(20 mV s−1), reaching 98% for ANTPh-TzTz CMP and 99% for
ANPh-TzTz CMP. This trend strongly supports the dominance
of surface-conned capacitive behavior under fast charge–
discharge conditions, attributed to limited ion diffusion into
the porous network at higher scan rates. These ndings
corroborate the efficient electrochemical accessibility of active
sites and the fast surface redox kinetics conferred by the TzTz-
linked CMP architecture.
Electrochemical performance of the symmetric coin cell of
ANTPh-TzTz and ANPh-TzTz CMPs

CV and GCD measurements were conducted on symmetric
devices fabricated with ANTPh-TzTz CMP and ANPh-TzTz CMP
41920 | J. Mater. Chem. A, 2025, 13, 41913–41930
electrodes over an extended window of positive potential from
0 to +0.7 V. As shown in Fig. 7, the CV proles of ANTPh-TzTz
and ANPh-TzTz CMPs exhibit nearly ideal rectangular shapes at
lower potentials, indicative of pronounced electric double-layer
capacitance (EDLC) behavior [Fig. 7(a) and (b)].

Notably, a clear pseudocapacitive contribution is also
apparent, highlighting the synergistic interplay between EDLC
and faradaic charge storage processes. Remarkably, the elec-
trode responses remain stable even at elevated scan rates,
underscoring their excellent electrochemical reversibility and
superior rate capability. The GCD curves [Fig. 7(c) and (d)]
further corroborate this behavior, displaying symmetric and
linear charge–discharge proles characteristic of EDLC-
dominated mechanisms. At 1 A g−1, the ANTPh-TzTz CMP
and ANPh-TzTz CMP exhibit specic capacitances of 138 and
220 F g−1, respectively [Fig. 8(a)]. Even at a high current density
of 20 A g−1, both electrodes retain appreciable capacitance
values (40 and 80 F g−1), demonstrating excellent high-rate
performance and structural resilience. The observed decline
in capacitance at elevated current densities can be attributed to
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Specific capacitance and current density graph and (b) percentage capacitance retention of ANPh-TzTz CMP and ANTPh-TzTz CMP,
measured using a three-electrode setup.
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kinetic limitations, specically the restricted diffusion of elec-
trolyte ions into the microporous network of the electrodes.
This behavior reects reduced efficiency of ion adsorption/
desorption dynamics at high charge–discharge rates.
Crucially, the robust electrochemical performance is ascribed to
the intrinsic properties of the porous framework and the
incorporation of redox-active heteroatoms, particularly sulfur
and nitrogen. These heteroatoms endow the materials with
enhanced electronic conductivity and a greater density of elec-
trochemically accessible sites.69,70 Notably, ANPh-TzTz CMP
outperforms its analogue, which is rationalized by its higher
nitrogen and sulfur content. The cooperative effect of S and N
co-doping signicantly augments the electrochemical activity by
creating abundant redox-active centers, improving charge
transfer kinetics, and stabilizing the electrode architecture.71

Sulfur contributes by modulating the electronic environ-
ment to facilitate charge delocalization, whereas nitrogen
enhances conductivity via electron donation and improved
orbital overlap. Collectively, these features position ANPh-TzTz
CMP as a highly promising candidate for next-generation high-
performance SCs. Furthermore, their inclusion promotes
higher porosity and introduces abundant structural defects,
This journal is © The Royal Society of Chemistry 2025
which serve as additional electrochemically active sites for
charge storage. These structural benets lead to remarkable
cycling durability, higher rate capability, and a noticeable
increase in specic capacitance.72,73 The increased density of
accessible sites enables greater accumulation of electrolyte ions
at the interface of electrode–electrolyte, effectively boosting
overall charge storage capacity. Simultaneously, the enlarged
surface area reduces ion diffusion pathways, thereby facilitating
faster ion transport and accelerating charge–discharge
kinetics—an essential characteristic for high-performance
supercapacitors.74 This optimized electrode architecture trans-
lates into outstanding cycling stability. Aer 4000 consecutive
charge–discharge cycles, ANPh-TzTz and ANTPh-TzTz CMPs
retained 95% and 93% of their initial capacitance, respectively
[Fig. 8(b)], attesting to their remarkable long-term electro-
chemical resilience. Such high retention underscores the
robustness and reliability of these materials, making them ideal
for practical energy storage systems requiring sustained cycling,
mechanical integrity, and minimal performance degradation
over time. Further insight into the energy–power characteristics
of these CMP-based electrodes is provided by the Ragone plot
[Fig. 8(c)]. The ANPh-TzTz CMP achieves a notable energy
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41921
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Fig. 6 (a and b) Comparison of charge storage contributions based on log v vs. log i plots and (c and d) Dunn's method analysis for (a–c) ANTPh-
TzTz CMP and (b and d) ANPh-TzTz CMP.
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density of 16.1 Wh kg−1 at a power density of 705.9 W kg−1, and
impressively sustains an ultra-high-power density of 18 981.1 W
kg−1 at an energy density of 5.8 Wh kg−1. In comparison, the
ANTPh-TzTz CMP delivers an energy density of 9.3 Wh kg−1 at
730.9 W kg−1.

These metrics position both materials—particularly ANPh-
TzTz CMP—as highly competitive candidates for power-
oriented energy storage devices, where rapid charge delivery
and long-term durability are paramount. A comprehensive
performance comparison of these CMPs with state-of-the-art
analogs is provided in Fig. 8(d). To elucidate the underlying
charge storage mechanisms and the intrinsic electrochemical
behavior of the CMP electrodes, both Dunn's method and Tra-
satti's approach were systematically employed.75,76 The log–log
plots of current (i) versus scan rate (v) for anodic and cathodic
sweeps [Fig. S11(a) and (b)] yield slope values corresponding to
the b-factor, extracted from eqn (2). The b-values determined for
ANTPh-TzTz and ANPh-TzTz CMPs are 0.57 and 0.72,
41922 | J. Mater. Chem. A, 2025, 13, 41913–41930
respectively, revealing distinct differences in charge storage
behavior. Specically, the higher slope for the ANPh-TzTz CMP
suggests a greater contribution from surface-controlled
(capacitive) processes, whereas ANTPh-TzTz CMPs demon-
strate a more diffusion-dominated mechanism. Fig. S11(c) and
(d) provide a quantitative assessment of the capacitive and
diffusion-controlled contributions as a function of scan rate for
both materials. As anticipated, the restricted diffusion of elec-
trolyte ions into the porous network at a higher scan rate causes
the capacitive contribution to become more prominent as scan
rates increase. Conversely, at lower scan rates, the pseudo-
capacitive contribution—attributable to redox-active sulfur and
nitrogen heteroatoms embedded within the TzTz moieties—
becomes more pronounced, facilitating deeper ion penetration
and more complete utilization of active sites. Trasatti's method
was also employed to decouple the electric double-layer capac-
itance (EDLC) and pseudocapacitive contributions. The areal
capacitances calculated from CV curves at various scan rates
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d5ta05442g


Fig. 7 (a and b) CV and (c and d) GCD of (a and c) ANTPh-TzTz CMP and (b and d) ANPh-TzTz CMP, measured using a symmetric coin cell.
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were found to be 251.8 mF cm−2 and 564.0 mF cm−2 for ANTPh-
TzTz and ANPh-TzTz CMPs, respectively [Fig. S12(a)], under-
scoring the superior capacitive performance of ANPh-TzTz
CMPs. A linear relationship observed in the plot of the square
root of the scan rate (v1/2) versus the reciprocal of areal capaci-
tance [Fig. S12(b)] conrms a semi-innite diffusion process.
The y-intercept of this linear t corresponds to the inverse of the
EDLC, as dened by eqn (3), enabling the quantitative differ-
entiation between capacitive and diffusion-controlled charge
storage components.

C−1 = constant × v1/2 + Ct
−1 (3)

Assuming semi-innite ion diffusion kinetics, a linear rela-
tionship is also observed when plotting areal capacitance
against the reciprocal square root of the scan rate. The intercept
of this linear t corresponds to the inverse of the total capaci-
tance (Ct), providing a reliable measure of the intrinsic
electrochemical behavior. The estimated pseudocapacitive
contribution, derived via this method, closely parallels that
This journal is © The Royal Society of Chemistry 2025
obtained using Dunn's approach, with ANTPh-TzTz and ANPh-
TzTz CMPs exhibiting dominant capacitive behavior—92% and
91% surface-controlled contribution, respectively, at a scan rate
of 5 mV s−1 [Fig. S12(c) and (d)]. These results conrm that
EDLC is the dominant mechanism across the scan rate range
for both CMPs. To further probe the charge storage dynamics
and interfacial properties, electrochemical impedance spec-
troscopy (EIS) was employed. The Nyquist plots for ANTPh-TzTz
and ANPh-TzTz CMPs [Fig. S13(a)] reveal well-dened proles
characteristic of porous carbon-based electrodes. In the high-
frequency region, the semicircular arc reects the solution
resistance (Rs) and charge transfer resistance (Rct). In addition,
the near-vertical line in the low-frequency domain that is
ascribed to Warburg impedance (W) shows that ions diffuse
through the porous structure. Non-ideal capacitive behavior,
especially at low frequencies, is explained by the constant phase
element (CPE), which reects distributed capacitance caused by
pore distribution and surface heterogeneity. Fitting of the
impedance spectra yields Rs values of 10.5 and 7.5 U and Rct
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41923
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Fig. 8 (a) Specific capacitance, (b) cycling stability, and (c) Ragone plot for symmetric SC devices based on the ANPh-TzTz CMP and ANTPh-
TzTz CMP. (d) Comparison of the electrochemical performance of the ANPh-TzTz CMP and ANTPh-TzTz CMP materials with previously re-
ported systems.
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values of 3.2 and 4.4 U for ANTPh-TzTz and ANPh-TzTz CMPs,
respectively. These low resistance values highlight efficient ion
transport pathways and strong electrode–electrolyte interac-
tions, underscoring the excellent electrical conductivity and
minimal internal losses within the CMP network—factors that
directly support the high specic capacitance observed for both
materials. The calculated results indicate that the ANPh-TzTz
CMP exhibits a higher conductivity of 0.133 S m−1, whereas
the ANTPh-TzTz CMP shows a comparatively lower value of
0.095 S m−1. Fig. S13(b) presents the equivalent circuit model
for EIS tting for CMPs.

The Bode magnitude plots [Fig. S13(c)] show a gradual
decline at lower frequencies, affirming capacitive behavior,
while the elevated impedance at higher frequencies corre-
sponds to resistive limitations. Phase angle Bode plots [Fig.
S13(d)] further reveal moderate knee frequencies for ANTPh-
41924 | J. Mater. Chem. A, 2025, 13, 41913–41930
TzTz and ANPh-TzTz CMPs, which serve as a critical metric
for evaluating the material's capability to sustain rapid charge–
discharge cycles. These moderate knee frequencies reect
a well-balanced tradeoff between ion diffusion and surface-
controlled kinetics, highlighting robust performance under
high-rate operational conditions. The molecular electrostatic
potential (MESP) maps offer a great deal when it comes to
identifying the potential donor–acceptor regions involved in
electrostatic and redox interactions. Fig. S14 displays the MESP
maps of the investigated ANPh-6CHO and ANTPh-4CHO
monomers that are particularly considered to design and
synthesize the ANPh-6CHO and ANTPh-4CHO CMPs for super-
capacitance applications. From Fig. S10, it can be inferred that
zones depicted in red correspond to areas of high negative
electrostatic potential, indicating sites favorable for interaction
with cationic electrolyte species. These regions are typically
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d5ta05442g


Fig. 9 The visual description of HOMO–LUMO plots of the ANPh-6CHO, ANTPh-4CHO, ANPh-TzTz CMP, and ANTPh-TzTz CMP.
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associated with heteroatoms such as nitrogen and sulfur, which
are known to facilitate faradaic interactions in pseudocapacitive
charge storage.77 In contrast, the blue regions represent zones of
low electron density and positive electrostatic potential, which
are likely to interact with anionic electrolyte species such as
OH− or BF4

−.78 For both ANPh-6CHO and ANTPh-4CHO,
signicant electron density accumulation is observed along
the periphery, particularly around heteroatomic functional
groups, suggesting favorable cationic binding sites. Simulta-
neously, the widespread blue regions surrounding the aromatic
backbone cores indicate a strong potential for anionic interac-
tion, thereby supporting dual-mode charge storage through
both electric double-layer formation and redox processes.78 This
duality makes both ANPh-6CHO and ANTPh-4CHO highly
promising molecular building blocks for constructing CMPs
tailored for high-performance supercapacitor applications. Fig
S14 illustrates the MESP maps of ANPh-TzTz CMP and ANTPh-
TzTz CMPs. In the case of ANPh-TzTz, the predominant blue
shading distributed around the conjugated backbone and
extending toward the peripheral regions signies areas of
positive electrostatic potential, which are favorable for the
adsorption of anionic species such as OH− or BF4

−. This
uniform electrostatic environment supports efficient accom-
modation of anions and suggests a likely contribution from
electric double-layer capacitance mechanisms. Conversely, the
MESP map of the ANTPh-TzTz CMP reveals the emergence of
a distinct yellow zone concentrated within the central aromatic
core. This indicates a shi in the electrostatic landscape, with
an increase in electron density delocalization across the core
structure. Such redistribution suggests that this region may act
as a favorable site for cation adsorption, potentially partici-
pating in redox-active pseudocapacitive processes.

The observed difference in charge distribution is attributed
to the intrinsic structural conformation of ANTPh-TzTz CMP,
which appears to alter the p-electron delocalization and
modulate the electrostatic prole of the molecule. Taken
This journal is © The Royal Society of Chemistry 2025
together, these results suggest that the ANPh-TzTz CMP exhibits
stronger anion-binding tendencies, while the ANTPh-TzTz CMP
possesses structural characteristics conducive to cation inter-
action and charge delocalization, both of which are advanta-
geous for the development of high-performance supercapacitor
materials. Contour line (CL) mapping offers an interesting
approach to visualize the distribution of electron density across
the molecular framework, crucial for understanding charge
transport in supercapacitance applications.78 In contour maps,
the solid lines depict the regions with the positive electrostatic
potential, whereas the dashed lines correspond to the regions
exhibiting negative potential. Densely packed contour lines
highlight zones of high electron density, typically associated
with strong p-conjugation and bonding interactions. In
contrast, widely spaced contours indicate regions of low elec-
tron density, such as voids or non-bonding areas.79 Fig. S15
illustrates the CL maps for the ANPh-TzTz and ANTPh-TzTz
CMPs, respectively. As shown in Fig. S15(b), the ANPh-TzTz
CMP exhibits a highly planar structure with an extended p-
conjugated system [Fig. S15(a)]. This delocalization promotes
efficient charge transport, as evidenced by the densely packed
electron contour regions, suggesting high electrical conduc-
tivity. Such structural characteristics facilitate rapid charge–
discharge cycles, making ANPh-TzTz well-suited for high-
performance EDLCs. The CL map of the ANPh-TzTz CMP
corresponds to the relaxed geometry of the ANPh-TzTz CMP. In
contrast, Fig. S15(d) reveals that the ANTPh-TzTz CMP adopts
a more twisted, non-planar geometry, likely due to steric
hindrance. This deviation from planarity disrupts the unifor-
mity of the electron density distribution, as seen in Fig. S15(c),
where electron density is more localized towards one branch
and the peripheral regions of the molecule. This asymmetric
distribution affects the charge-transport pathways, a trend
further supported by the HOMO–LUMO analysis presented in
Fig. 9. The HOMO orbitals reect the capacity of the molecular
framework to donate electrons, while the LUMO orbitals
J. Mater. Chem. A, 2025, 13, 41913–41930 | 41925

https://doi.org/10.1039/d5ta05442g


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 7

:5
5:

20
 P

M
. 

View Article Online
represent its tendency to primarily electrons. The energy
difference between these FMOs is indicated by the conductivity
and stability of themolecules (DE).80 Fig. 9 illustrates the HOMO
and LUMO distribution of the investigated molecular systems.
Among these, the ANPh-TzTz CMP unit shows the lowest
bandgap of 3.11 eV, suggesting enhanced electronic transitions
and, consequently, superior electrical conductivity. These
ndings align well with experimental observations. Notably, the
LUMO of ANPh-TzTz CMP extends uniformly from the central
aromatic core toward the peripheral TzTz fragments, illus-
trating efficient delocalization of the electron cloud. Such
a continuous p-conjugated system is highly benecial and
desired for charge transport in energy storage devices and
overall conductivity.81 In contrast, the LUMO of ANTPh-TzTz
CMP appears to be predominantly localized at the periphery
of the unit, particularly around the TzTz moieties, with minimal
delocalization through the central core. This spatial conne-
ment of the electron cloud limits intramolecular charge
mobility. While the TzTz units act as effective electron accep-
tors, the overall lack of orbital continuity across the structure
diminishes its charge transfer efficiency.

Conclusions

Two novel D–A CMPs, ANTPh-TzTz and ANPh-TzTz CMPs, were
synthesized via a Schiff-base polycondensation strategy, incor-
porating TzTz-fused heterocyclic building blocks to enhance
electrochemical performance. Electrochemical characteriza-
tion, including CV and GCD measurements, revealed markedly
superior capacitive behavior for ANPh-TzTz, which delivered an
impressive specic capacitance of 541 F g−1, signicantly out-
performing the ANTPh-TzTz CMP (356 F g−1) at 1 A g−1. When
employed as electrode materials in symmetric supercapacitor
congurations, the ANPh-TzTz CMP retained its advantageous
performance, affording a specic capacitance of 220 F g−1,
whereas the ANTPh-TzTz CMP reached 137.4 F g−1 under
identical conditions. Both CMP-based devices exhibited excel-
lent cycling stability, retaining 95% and 93% of their initial
capacitance for ANPh-TzTz CMP and ANTPh-TzTz CMP,
respectively, aer 4000 consecutive GCD cycles. These ndings
highlight the crucial role of TzTz-based electron-rich fused
units in modulating the redox-active landscape and improving
the charge storage properties of CMPs. This work highlights
a powerful molecular design strategy for advancing high-
performance organic electrode materials toward next-
generation energy storage technologies.
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