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A B S T R A C T

Architectural control of conjugated microporous polymers (CMPs) offers a powerful strategy for tuning charge 
transport, ion diffusion, and redox activity in next-generation supercapacitor electrodes. Here, we report two 
pyrene-4,5,9,10-tetraone/benzo[1,2-b:4,5-b′]dithiophene-4,8-dione (PT/BDTD) CMPs engineered through linker 
selection: a phenyl-bridged network (PTPh-BDTD) prepared by Suzuki coupling and an ethynylbenzene-linked 
analogue (PTDE-BDTD) obtained via Sonogashira polymerization. Both CMPs form permanently microporous, 
π-conjugated frameworks that enable pseudocapacitive charge storage dominated by reversible quinone-type 
redox chemistry, as supported by electrochemical kinetics and ex situ vibrational analysis. Despite comparable 
BET surface areas, PTPh-BDTD exhibits tighter packing and more favorable charge-transport characteristics, 
delivering a high specific capacitance of 410.55 F g− 1 at 0.5 A g− 1 and retaining 74.31% of its capacitance after 
6000 cycles. Electrochemical impedance analysis reveals faster interfacial kinetics for PTPh-BDTD (Rct = 6.55 
Ω), consistent with its higher intrinsic conductivity (9.0 S cm− 1). A symmetric supercapacitor assembled from 
PTPh-BDTD achieves 112.41 F g− 1 with an energy density of 35.97 Wh kg− 1 at a power density of 981.06 W kg− 1 

and maintains 91.02% capacitance retention over 4000 cycles. These results highlight linker-driven architectural 
control as an effective strategy to maximize redox-site utilization and charge transport in CMP electrodes for 
high-performance supercapacitors.

1. Introduction

The expanding use of renewable energy and portable electronics is 
driving demand for reliable electrochemical energy-storage systems, 
particularly to buffer intermittent solar and wind power and provide 
fast, durable energy delivery [1,2]. Among available systems, super
capacitors (SCs) have attracted considerable attention for modern ap
plications ranging from consumer electronics to electric vehicles and 
smart grids [3,4]. SCs offer distinct advantages, including high power 
density, fast charge–discharge capability, and excellent cycling stability 
[5]. However, improving their energy density while maintaining high- 
rate performance remains a major challenge, primarily because it is 
governed by electrode material design. Electrochemical supercapacitors 
are generally classified into electric double-layer capacitors (EDLCs), 
pseudocapacitors (PCs), and hybrid or asymmetric capacitors [6,7]. In 
EDLCs, charge storage occurs through ion adsorption at the electrode 
surface, typically employing carbon-based materials such as activated 
carbon, graphene, and carbon nanotubes due to their high surface area 

and stability. Despite their outstanding power performance, these ma
terials often exhibit limited specific capacitance because of the absence 
of intrinsic redox-active sites [7,8]. In contrast, pseudocapacitors store 
energy via fast, reversible Faradaic redox reactions at the electro
de–electrolyte interface [9,10]. Metal oxides, MXenes, and conjugated 
polymers are common pseudocapacitive materials [11–15], but many 
experience structural degradation, volume changes during ion insertion 
and extraction, limited rate performance, and poor conductivity [16]. 
To overcome these limitations, hybrid architectures combining EDLC 
and pseudocapacitive mechanisms have been developed to enhance 
energy density and widen operational voltage windows [17–19]. 
Nevertheless, further improvements require electrode materials that 
integrate intrinsic electrical conductivity, stable redox-active function
alities, tunable porosity, and robust structural integrity, alongside a 
clear understanding of structure–performance relationships [20,21].

Conjugated microporous polymers (CMPs) are a class of porous, 
π-conjugated organic polymers that have attracted growing interest for 
their precise control of pore size, chemical properties, and overall 
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network architecture [22–24]. CMPs typically exhibit pore diameters of 
≤2 nm, highly cross-linked network structures, high surface area, redox 
properties, inherent electrical conductivity, and a fully covalently 
bonded π-conjugated backbone. The extended π-conjugated framework 
enables efficient electron delocalization, thereby facilitating rapid 
charge transport throughout the material. Simultaneously, a well- 
distributed microporous network provides continuous, accessible path
ways for ion diffusion, allowing electrolyte ions to swiftly reach and exit 
the electrochemically active sites across multiple charging–discharging 
cycles. This synergistic combination of electronic conductivity and 
efficient ion transport significantly improves the electrode's rate capa
bility [22]. Although CMPs have been extensively investigated for 
various applications, including drug delivery, sensors, photocatalysis, 
dye removal, gas storage, and fluorescence [25–30], their use as 
supercapacitor electrode materials remains constrained by their intrin
sically low electrical conductivity, which substantially diminishes 
capacitance. The incorporation of redox-active frameworks, including 
aza-fused rings, porphyrins, phenazines, anthraquinones, and ferro
cenes, into CMP structures has been shown to enhance electrical con
ductivity, improve capacitance performance, and increase chemical 
durability during charge–discharge cycles [31]. Several coupling tech
niques can be used to synthesize CMPs, including the Suzuki, Sonoga
shira, Yamamoto, and Buchwald–Hartwig reactions, as well as oxidative 
chemical polymerizations [32–34]. These methods allow for accurate 
management of their building structure and operational attributes. 
Therefore, the development of high-performance electrodes for 
advanced supercapacitors with high energy and power densities, 
exceptional stability, and efficiency relies on a thorough understanding 
of the correlations between the CMP structural design and their elec
trochemical characteristics.

This study investigates how architectural control in pyrene-4,5,9,10- 
tetraone (PT)–based conjugated microporous polymers (CMPs)—spe
cifically linker engineering and structural modulation—governs elec
trochemical charge storage and transport. Two redox-active CMPs, 
PTPh-BDTD and PTDE-BDTD, were designed by combining the 
electron-deficient benzo[1,2-b:4,5-b′]dithiophene-4,8-dione (BDTD) 
core with the extended π-conjugated PT unit. Structural diversity was 
introduced by employing a phenyl linker (PTPh-BDTD) versus an 

ethynylbenzene linker (PTDE-BDTD), enabling a direct comparison of 
how linker geometry and conjugation pathway influence π–π in
teractions, charge delocalization, ion accessibility, and pseudocapaci
tive contributions. As illustrated in Fig. 1, PTPh-BDTD was synthesized 
via a Suzuki coupling reaction using 2,6-dibromobenzo[1,2-b:4,5-b′] 
dithiophene-4,8-dione (BDTD-2Br), 1,3,6,8-tetrabromopyrene-4,5,9,10- 
tetraone (PT-4Br), and benzene-1,4-diboronic acid (Ph-2B(OH)2) while 
PTDE-BDTD was obtained through Sonogashira–Hagihara polymeriza
tion employing BDTD-2Br, PT-4Br, and p-diethynylbenzene (DEPh- 
2C–––C). The resulting materials were characterized to confirm their 
chemical structure and porosity, and their electrochemical behavior was 
evaluated in both three-electrode and device configurations to establish 
structure–property relationships and clarify the role of linker-controlled 
architecture in CMP-based supercapacitor electrodes.

2. Results and discussion

2.1. Synthesis and characteristics of materials

The synthetic routes and structural diversity of the monomers 2,6- 
dibromobenzo[1,2-b:4,5-b′]dithiophene-4,8-dione (BDTD-2Br) and 
1,3,6,8-tetrabromopyrene-4,5,9,10-tetraone (PT-4Br) are illustrated in 
Schemes S1 and S2 and Figs. S1–S6. Two distinct linker types were 
employed in the polymerization process to construct the target CMPs. 
The phenyl-linked PTPh-BDTD CMP was synthesized via a Suzuki 
coupling reaction between BDTD-2Br, PT-4Br, and benzene-1,4- 
diboronic acid (Ph-2B(OH)2), as shown in Fig. 1 and Scheme S3. In 
contrast, the ethynyl-linked PTDE-BDTD CMP was prepared through a 
Sonogashira–Hagihara coupling reaction using BDTD-2Br, PT-4Br, and 
p-diethynylbenzene (DEPh-2C–––C), as presented in Fig. 1 and Scheme 
S4. Both polymers exhibit cross-linked three-dimensional architectures 
characterized by intrinsic porosity and strong π–π stacking interactions. 
The structural composition and chemical bonding of the synthesized 
BDTD-based CMPs were systematically investigated using Fourier- 
transform infrared spectroscopy (FT-IR), solid-state 13C cross- 
polarization/magic-angle spinning nuclear magnetic resonance (13C 
CP/MAS NMR), and X-ray photoelectron spectroscopy (XPS).

Figs. S7 and S8 display the FT-IR spectra of PTPh BDTD and PTDE 

Fig. 1. Schematic approach and molecular framework of PTPh-BDTD and PTDE-BDTD CMPs.
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BDTD. In both spectra, the C–Br bands at 577 and 674 cm− 1 that appear 
in the BDTD-2Br and PT-4Br monomers are absent, confirming complete 
consumption of the brominated precursors and successful formation of 
the CMP networks. In addition, PTPh-BDTD shows no B–O vibration 
band at 1353 cm− 1, indicating the completion of the Suzuki polymeri
zation (Fig. S7). For PTDE-BDTD, the disappearance of the C–––C–H 
stretching band at 3269 cm− 1 (a diagnostic signal of the DEPh-2C–––C 
monomer) further verifies polymer formation. Meanwhile, the presence 
of the C–––C stretching vibration at 2189 cm− 1 indicates the successful 
incorporation of the ethynylbenzene linkage via the Sonogashira 
coupling reaction (Fig. S8). Moreover, the strong bands at 1652 and 
1657 cm− 1 are assigned to the carbonyl (C––O) stretching vibrations in 
PTPh-BDTD and PTDE-BDTD, respectively. Both spectra also exhibit 
aromatic C–H stretching vibrations at 3047–3156 cm− 1 and aromatic 
C––C vibrations in the 1390–1520 cm− 1 region, consistent with the 
conjugated aromatic frameworks. The solid-state 13C NMR spectra of 
PTPh-BDTD and PTDE-BDTD CMPs are shown in Fig. 2a. Three main 
resonance regions are observed at 183–172 ppm, assigned to carbonyl 
(C––O) carbons, at 154–140 ppm, assigned to aromatic C–X carbons 
where X is C or S, and at 136–123 ppm, assigned to aromatic C–H 
carbons. Additionally, we conducted XPS analysis to assess the chemical 
composition of S, C, and O in PTPh-BDTD and PTDE-BDTD CMPs. Fig. 2b 
shows four characteristic XPS peaks for PTPh-BDTD at 164.85, 227.82, 
283.40, and 529.11 eV and for PTDE-BDTD at 162.11, 228.36, 283.40, 
and 530.94 eV, corresponding to the S 2p, S 2s, C 1s, and O 1s orbitals, 
respectively. No additional peaks were detected, indicating the absence 
of detectable impurities in the BDTD-based CMPs. To further clarify the 
chemical environments, the C 1s and S 2p spectra were deconvoluted, 
enabling identification of the different carbon and sulfur species present 
in the CMP frameworks (Fig. 2c–f, Tables S1 and S2). The high- 
resolution C 1s spectra were curve-fitted to resolve the carbon envi
ronments in the two CMPs. For PTPh-BDTD, four contributions were 
identified at 283.30, 284.02, 284.58, and 286.80 eV, which can be 
assigned to C––C, C–S, C–C, and C––O functionalities, respectively. For 
PTDE-BDTD, five C 1s components were required, appearing at 283.10, 
284.11, 284.09, 285.89, and 287.76 eV, consistent with C––C, C–S, 
C–C, C–––C, and C––O linkages (Fig. 2c and 2d). In the sulfur region, 
both materials exhibit the characteristic S 2p doublet arising from 

spin–orbit splitting into S 2p3/2 and S 2p1/2 with the expected 2:1 area 
ratio. The PTPh-BDTD spectrum shows peaks at 162.91 eV (S 2p3/2) and 
164.07 eV (S 2p1/2), while PTDE-BDTD displays the corresponding sig
nals at 162.66 and 163.86 eV (Fig. 2e and 2f; Tables S1 and S2). It is 
worth noting that the proportions of C––O and C–S functionalities in the 
PTPh-BDTD CMP, 21.66% and 14.43%, respectively, are higher than 
those in PTDE-BDTD, which exhibits C––O and C–S contents of 16.85% 
and 11.72% (Table S2). This results in enhanced heteroatom content in 
the PTPh-BDTD framework, leading to improved capacitive perfor
mance [35,36]. Moreover, the theoretical elemental ratios were deter
mined according to the atomic percentages of each element. After 
applying sensitivity factor corrections, experimental elemental ratios 
were obtained from the integrated peak areas of each species (C, O, and 
S) in the XPS survey, with hydrogen excluded because it is undetectable 
in XPS. Tables S3 and S4 demonstrate strong alignment between theo
retical and experimental elemental ratios, validating the effective inte
gration of heteroatoms into the polymer framework. Based on the XPS 
survey, PTPh-BDTD exhibits a higher heteroatom content, with O and S 
contents of 17.84% and 12.64%, respectively. In contrast, PTDE-BDTD 
showed comparatively lower O/S ratios of 14.03% and 8.32%. The 
XPS results were confirmed by elemental analysis (Table S5), which 
demonstrated enhanced heteroatom doping in PTPh-BDTD compared to 
PTDE-BDTD. Higher heteroatom content in PTPh-BDTD increases the 
number and accessibility of redox-active sites, which helps explain its 
improved electrochemical performance. In addition, within PTPh-BDTD 
architecture, thiophene units act as electron-rich donors [37,38], 
whereas the carbonyl groups within the quinone moieties function as 
electron acceptors [39]. This donor–acceptor motif accelerates electron 
and ion transport during charging and discharging, which supports 
faster kinetics, greater capacity, and more stable long-term cycling [40].

The polymers were characterized using multiple techniques. Nitro
gen adsorption–desorption measurements were used to evaluate 
porosity and calculate the specific surface area, thermogravimetric 
analysis (TGA) was applied to assess thermal stability, and X-ray 
diffraction (XRD) was used to examine crystallinity. Nitrogen adsorp
tion–desorption isotherms were further recorded to determine the sur
face area and pore size distribution of PTPh-BDTD and PTDE-BDTD 
(Fig. 3a). The nitrogen adsorption–desorption isotherms of PTPh- 

Fig. 2. (a) 13C CP-MAS NMR spectrum, (b–f) XPS patterns (c, d) C 1s, and (e, f) S 2p curves of PTPh-BDTD, PTDE-BDTD CMPs.
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BDTD and PTDE-BDTD show type II behavior, with pronounced uptake 
at low relative pressure (P/P0 < 0.1) and a sharp increase at high relative 
pressure (P/P0 > 0.84), suggesting primarily microporous frameworks. 
PTPh-BDTD exhibits a slightly higher BET surface area of 93.96 m2 g− 1 

than PTDE-BDTD (84.46 m2 g− 1) (Fig. 3a). The pore size distribution of 
PTPh-BDTD shows a dominant pore centered at approximately 2.19 nm 
with a pore volume of 0.12 cm3 g− 1, whereas PTDE-BDTD displays pores 
centered at around 1.8 nm with a pore volume of 0.30 cm3 g− 1 (Fig. 3b 
and Table S6). Overall, these results confirm that the BDTD-based CMPs 
possess accessible microporosity and appreciable surface area, 
providing abundant interfacial areas for electrolyte contact and charge 
storage. Moreover, TGA was used to evaluate the thermal stability of the 
BDTD-based CMPs under N2 from 40 to 800 ◦C. Fig. 3c and Table S7 
assess the thermal stability of PTPh-BDTD and PTDE-BDTD CMPs with 
5% weight loss at 452.33 ◦C and 344.62 ◦C, respectively. Furthermore, 
their decomposition temperatures at 10% weight were recorded at 
550.13 ◦C and 399.62 ◦C, respectively. Interestingly, the residual masses 
for PTPh-BDTD and PTDE-BDTD CMPs were determined to be 70.64% 
and 58.48%, respectively, after heating to 800 ◦C, indicating their 
higher thermal stability. PTPh-BDTD CMP exhibited improved thermal 
stability as a result of the phenyl bridge introduction in its structure, 
resulting in a boost in its thermal stability [41]. Moreover, we examined 
the powder XRD patterns of PTPh-BDTD and PTDE-BDTD CMPs to 
characterize their crystalline nature. Fig. S9a and b show broad 
diffraction features, confirming that the CMPs are predominantly 
amorphous. The interlayer spacing associated with π–π stacking was 
then estimated from the XRD patterns using the Laue–Bragg equation 
(Eq. (1)) [42,43]. 

2dsin(θ) = nλ (1) 

To evaluate π–π stacking in PTPh-BDTD and PTDE-BDTD, the inter
layer spacing (d) between neighboring conjugated layers was calculated 
from the XRD patterns. The diffraction peaks located at 2θ ≈ 27.21◦ and 
26.96◦ correspond to interlayer spacings of 3.27 and 3.30 Å for PTPh- 
BDTD and PTDE-BDTD, respectively (Fig. S9c). Notably, PTPh-BDTD 
exhibits a slightly reduced interlayer spacing compared to the PTDE- 
BDTD, indicating improved π–π stacking interactions [44,45]. This 
enhancement is attributed to the phenyl linker in PTPh-BDTD, which 
promotes more efficient aromatic stacking relative to the ethy
nylbenzene linkage in PTDE-BDTD.

2.2. Morphology studies

The surface morphology of BDTD-based CMPs was investigated using 
SEM and TEM. In addition, the presence and distribution of the con
stituent elements were verified by EDS mapping. (Figs. 3d–k and S10). 
TEM images show that PTPh-BDTD forms irregular, sheet-like structures 
(Fig. 3d and e), whereas PTDE-BDTD adopts more uniform rod-like 
morphologies (Fig. 3f and g). The –C–––C– linkage provides a rigid, 
linear bridge that constrains the connected aromatic units into a more 
planar backbone. This higher planarity reduces conformational freedom 
and promotes uniform packing during assembly, thereby biasing growth 
in one direction and producing rod-like structures [46,47]. In addition, 
for PTDE-BDTD, the use of a co-solvent system could influence polymer 
nucleation and aggregation, thereby promoting a more ordered 
morphology. Remarkably, both PTPh-BDTD and PTDE-BDTD CMPs 

Fig. 3. (a) N2 adsorption/desorption Isotherms, (b) pore size distribution, (c) TGA curves, (d–g) TEM, and (h–k) SEM images for PTPh-BDTD and PTDE-BDTD CMPs, 
respectively.
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exhibit hierarchical porous structures with pore diameters below 10.0 
nm, as revealed by low magnification TEM images (Fig. 3d–g). SEM 
analysis also corroborates these results (Fig. 3h–k). The EDS elemental 
mapping results validate the effective inclusion of the targeted 
elemental constituents, as evidenced by a consistent distribution of (S, C, 
and O) atoms within the CMPs framework (Fig. S10a–h).

2.3. Electrochemical investigations

Electrochemical testing of PTPh-BDTD and PTDE-BDTD was carried 
out in a three-electrode setup using cyclic voltammetry (CV) and gal
vanostatic charge–discharge (GCD) methods (Fig. 4). The measurements 
employed a glassy carbon working electrode, a Pt wire counter elec
trode, and an Hg/HgO reference electrode in 3.0 M KOH solution. CV 
profiles were collected between − 0.7 and 0.0 V as the scan rate was 
increased from 5 to 200 mV s− 1 to probe the redox activity of the BDTD- 
based CMPs. The observed quasi-reversible redox behavior, arising from 
Faradaic charge-transfer mechanisms, suggests significant pseudocapa
citive behavior in PTPh-BDTD and PTDE-BDTD CMPs (Fig. 4a and b). At 
a scan rate of 5 mV s− 1, PTPh-BDTD shows an anodic peak at − 0.38 V 
and a cathodic peak at − 0.43 V. Under the same conditions, PTDE-BDTD 
exhibits redox peaks at − 0.31 V (anodic) and − 0.38 V (cathodic) (Fig. 4a 
and b). Over various scan rates, the generated CMPs retained their 
distinct shape in the CV curves, indicating outstanding capacitive per
formance with quick charge–discharge processes [48]. As the scan rate 
increases, both anodic and cathodic peak positions shift, which can be 
mainly explained by slower ion transport and charge-transfer kinetics at 

the electrode–electrolyte interface during rapid polarization [49]. When 
the scan rate is low, electrolyte ions have sufficient time to penetrate the 
porous network and reach redox-active sites, so the reaction proceeds 
closer to equilibrium, and the peaks remain sharp and well-defined. At 
higher scan rates, ion diffusion cannot keep pace with the potential 
sweep, producing concentration gradients within the electrode. This 
polarization increases the required driving force for the redox process 
and shifts the peak potential to more polarized values [50]. In parallel, 
ohmic drops in the electrolyte and the electrode's internal resistance 
become more pronounced at faster scans, further amplifying the peak 
displacement [51]. Similar scan-rate-dependent shifts have been asso
ciated with stronger kinetic limitations, larger apparent charge-transfer 
resistance, and reduced Faradaic reaction contributions at short time 
scales [52]. Overall, the observed behavior indicates that charge storage 
arises from a combination of surface-controlled capacitive processes and 
diffusion-limited Faradaic reactions, and optimizing this balance is 
essential for high-performance supercapacitors [53]. GCD measure
ments were examined to estimate the capacitance performance of the 
CMP electrodes. The GCD tests were carried out at current densities 
ranging from 0.5 to 20 A g− 1 within a potential window of − 0.7 to 0 V 
(Fig. 4c and d). In the alkaline environment, the GCD profiles exhibit 
pronounced Faradaic behavior, characterized by quasi-symmetric 
triangular shapes with slight deviations. These deviations mainly arise 
from the oxidation-reduction behavior during charging and discharging 
cycling, highlighting the pseudocapacitive characteristics of the elec
trodes in good agreement with the cyclic voltammetry results [54]. 
Specific capacitances for the PTPh-BDTD and PTDE-BDTD-based 

Fig. 4. (a and b) CV characteristics, (c and d) GCD profiles for PTPh-BDTD and PTDE-BDTD CMPs, respectively, (e) specific capacitance values from GCD curve 
integration, (f) comparison of capacitance with the previously recorded polymers. (g) Cyclic durability measured at 20 A g− 1, (h) Nyquist plots along with their fitting 
curves using the equivalent circuit, and (i) Bode diagrams for PTPh-BDTD and PTDE-BDTD CMPs.

Y.M. Nabil et al.                                                                                                                                                                                                                                Journal of Energy Storage 163 (2026) 121774 

5 



electrodes were obtained from the GCD discharge profiles using Eq. 
(S1a). [55] At 0.5 A g− 1, the calculated capacitances were 410.55 and 
363.12 F g− 1, respectively (Fig. 4e). These results suggest that the 
capacitance performance and Faradaic behavior are significantly 
enhanced by integrating the BDTD redox-active component into the 
polymer architecture. Moreover, the findings reveal that the linker type, 
whether Phenyl or ethynylbenzene, significantly affects the electro
chemical behavior of the CMP electrodes [45]. The capacitance drops as 
the current density increases because the shortened charge–discharge 
time limits ion diffusion and adsorption within the porous electrode 
[56]. Among the tested materials, PTPh-BDTD delivers the highest 
capacitance, reaching 410.55 F g− 1 at 0.5 A g− 1, indicating favorable 
rate behavior [57]. This enhanced response is associated with its phenyl- 
bridged framework, which provides greater accessible surface area and 
promotes efficient electronic communication between redox-active 
units, thereby facilitating charge transfer during cycling. By compari
son, PTDE-BDTD shows a lower value of 363.12 F g− 1, consistent with its 
smaller surface area and the different linker geometry. The ethy
nylbenzene linkage, while preserving conjugation and backbone rigid
ity, provides less effective interlayer contact than the phenyl bridge, 
which can reduce electron transport and limit electrolyte access to active 
sites, thereby decreasing overall charge-storage efficiency. Conse
quently, diminished interlayer interactions and reduced surface expo
sure in PTDE-BDTD hinder electron mobility and electrolyte 
accessibility, thereby lowering charge-transport efficiency. A similar 
trend was obtained when capacitance values were calculated from the 
CV curves using Eq. (S1b). As shown in Fig. S11, the PTPh-BDTD and 
PTDE-BDTD electrodes deliver specific capacitances of 530.18 and 
381.56 F g− 1, respectively, at 5 mV s− 1, further demonstrating the su
perior charge-storage behavior of PTPh-BDTD. These observations 
confirm that the electrochemical behavior of BDTD-based CMPs is 
strongly influenced by the combined effects of surface area and the 
nature of the π-conjugated linker within their framework. Remarkably, 
BDTD-based CMPs achieved higher specific capacitances, surpassing 
those of analogous redox-active materials [57–71], as illustrated in 
Fig. 4f and Table S8. The small step at the start of the discharge curve is 
the typical IR drop associated with the cell's equivalent series resistance 
(ESR) [59]. In a three-electrode configuration, part of the applied cur
rent is lost across the uncompensated solution resistance of the elec
trolyte, resulting in an immediate potential difference between the 
working and reference electrodes [72]. This effect becomes more 
evident as the working and reference electrodes are positioned farther 
apart. Importantly, the initial IR drop mainly reflects resistive losses in 
the measurement setup and does not directly indicate lower intrinsic 
conductivity of the active material, reduced charge-storage capability, 
or degraded interfacial charge-transfer behavior [72]. Considering their 
notable capacitive properties, we assessed the durability of the PTPh- 
BDTD and PTDE-BDTD CMP electrode materials over 6000 charge- 
discharge cycles at 20 A g− 1. Fig. 4g shows that PTPh-BDTD and 
PTDE-BDTD exhibit outstanding cycling stability while maintaining 
their original specific capacitances at 74.31% and 73.63%, respectively. 
After prolonged cycling (6000 cycles), the gradual capacitance decay 
can be attributed to cumulative, irreversible changes at the electrode 
surface and within the polymer network during repeated Faradaic 
charging and discharging. In redox-active conjugated polymers and 
CMP-type frameworks, repeated ion insertion and disinsertion can 
induce local swelling and contraction, progressively weakening elec
trical contact among polymer domains and between the active layer and 
the current collector, thereby increasing internal resistance and 
reducing charge transport efficiency. In parallel, continuous redox 
operation may partially alter the chemical environment of the redox- 
active groups and the conjugated backbone, for example, through 
over-oxidation, side reactions with electrolyte species, or gradual loss of 
electrochemically accessible sites, which reduces the effective number 
of reversible redox centers. In addition, slow pore blocking by trapped 
ions or reaction by-products can limit electrolyte access to micropores, 

further decreasing utilization of active sites at long cycling times. 
Collectively, these effects reduce ion/electron transport kinetics and the 
fraction of redox sites participating reversibly, resulting in the observed 
decrease in capacitance after 6000 cycles. Post-mortem FT-IR and SEM 
analyses were performed after the cycling test to evaluate the chemical 
and morphological stability of the CMP electrodes. As shown in Fig. S12, 
the FT-IR spectra of both PTPh-BDTD and PTDE-BDTD after cycling 
retain the characteristic vibrational bands of the polymer frameworks, 
including the carbonyl (C––O) and aromatic backbone features as well as 
the C–S related signals, with no obvious new absorption bands that 
would indicate bond cleavage or formation of new functional groups. 
Only minor changes in band intensity are observed, which can be 
attributed to differences in electrode loading and possible adsorption of 
electrolyte residues/water after long-term cycling, rather than a change 
in the polymer backbone. SEM images (Fig. S13) consistently show that 
the overall morphologies are largely preserved after cycling: PTPh- 
BDTD maintains its irregular, aggregated, sheet-like texture, while 
PTDE-BDTD retains its porous, particulate/clustered architecture. No 
severe cracking or large-scale structural collapse is evident, suggesting 
that the capacitance decay is mainly associated with gradual loss of 
electrochemically accessible sites and increased interfacial/transport 
resistance during prolonged cycling, rather than catastrophic physical 
failure of the electrode or extensive chemical decomposition of the CMP 
framework [73–75].

Additionally, we used electrochemical impedance spectroscopy (EIS) 
to assess the developed electrodes and evaluate the charge-storage 
mechanism, as it is a common method for analyzing electrical resis
tance and ion-diffusion rates within the electrode material. EIS analyses 
were carried out at a potential with an amplitude of 5 mV (Fig. 4h). The 
Nyquist plots of the PTPh-BDTD and PTDE-BDTD CMP-based electrodes 
showed tiny semicircles in the high-frequency region, demonstrating 
reduced charge-transfer resistance and effective access of electrolyte 
ions [76,77]. At low frequencies, the Nyquist plots approach a near- 
vertical line, indicating dominant capacitive behavior and efficient ion 
storage. The series resistance (Rs), which mainly reflects the electrolyte 
resistance in the cell, was obtained from the high-frequency intercept on 
the Z′ axis. The measured Rs values for PTPh-BDTD and PTDE-BDTD are 
4.03 and 4.21 Ω, respectively. Fig. 4h shows the Nyquist plot and the 
equivalent circuit used for fitting, where Rs represents the electrolyte 
resistance, CPE1 is a constant phase element describing the non-ideal 
double-layer capacitance at the electrode interface, Rct denotes the 
charge-transfer resistance, and Wo is an open Warburg element associ
ated with ion diffusion. From the fitted results, PTPh-BDTD exhibits a 
slightly lower Rs (4.11 Ω) than PTDE-BDTD (4.19 Ω). The small differ
ence indicates comparable ohmic losses, as expected, since both mea
surements were performed with the same electrolyte, concentration, and 
cell configuration. PTPh-BDTD exhibits a lower charge-transfer resis
tance (Rct) of 6.55 Ω, indicating faster interfacial charge-transfer ki
netics and more efficient charge transport. In comparison, PTDE-BDTD 
shows a higher Rct of 8.93 Ω, consistent with greater kinetic resistance 
and reduced electrochemical efficiency (Table S9). Overall, the lower Rs 
and Rct values of PTPh-BDTD support its more favorable electrical 
transport behavior, making it a promising electrode material for energy- 
storage devices. The conductivity trend was further confirmed by direct 
electrical conductivity measurements. Room-temperature conductivities 
were evaluated for the BDTD-based CMP coatings on carbon sheets using 
a standard four-probe setup. The values obtained for PTPh-BDTD and 
PTDE-BDTD are 9.0 and 7.5 S cm− 1, respectively (Table S10). These 
conductivities compare favorably with many related organic electrode 
materials reported in the literature [78–83] (Table S11). Bode plots 
demonstrate that the relaxation time constants (τ) for the PTPh-BDTD 
and PTDE-BDTD CMPs were calculated using Eq. (2) [84]. 

τ = 1
/
f0 (2) 

where f0 is the frequency at which the phase angle in the Bode plot is 
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− 45◦. The calculated relaxation times are 0.63 s and 100 ms, respec
tively (Fig. 4i), indicating rapid charge propagation and ion diffusion in 
the BDTD-based CMPs, consistent with the Nyquist analysis.

To gain insight into the charge-storage origin in these CMPs, CV 
measurements were also carried out for the individual monomers BDTD- 
2Br, PT-4Br, DEPh-2C–––C, and Ph-2B(OH)2 under the same conditions 
used for the polymers, namely a three-electrode cell in 3.0 M KOH 
(Fig. S14). The BDTD-2Br monomer displays a quasi-reversible redox 
couple, with oxidation and reduction peaks located at − 0.35 V and 
− 0.37 V, respectively, at 5 mV s− 1 (Fig. S14a), confirming its intrinsic 
redox activity. By comparison, PT-4Br, DEPh-2C–––C, and Ph-2B(OH)2 
show nearly rectangular CV curves (Fig. S14b–d), indicative of pre
dominantly non-faradaic behavior within this potential window. These 
results suggest that the BDTD unit is the primary redox-active compo
nent responsible for the Faradaic features observed in the CMP elec
trodes. Fig. S15 illustrates the charging and discharging behavior of the 
BDTD active unit. The hydroquinone (BDTD2− ) is produced by accepting 
two electrons during reduction. Conversely, the original quinone form 
BDTD is regenerated by the release of these two electrons during 
oxidation, demonstrating a fully reversible redox process (Figs. 5a and 
S15) [59,85]. PT-4Br shows no clear reversible redox features in the CV 
curves and therefore contributes minimally to the Faradaic charge 
storage (Fig. S14b). This can be rationalized by the strong electron- 
withdrawing inductive effect of the four bromine substituents, which 
lowers the electron density of the conjugated framework and perturbs 
the electronic structure of the carbonyl centers, thereby destabilizing 
reduced intermediates [86]. In addition, the highly halogenated planar 
backbone tends to pack densely in the solid state, which restricts the 
structural and electronic reorganization required for distinct, reversible 
redox transitions, leading to weak, broadened, or absent redox responses 
in electrochemical measurements. Ex situ FTIR measurements collected 
from the PTPh-BDTD-based electrode at different electrochemical states, 
including oxidized, reduced, and reoxidized conditions, provide direct 
support for this mechanism (Figs. 5b, c, and S16). After discharge, the 
carbonyl stretching band of the quinone unit at about 1646 to 1654 
cm− 1 becomes markedly weaker, consistent with reduction of the BDTD 
carbonyl groups [87]. When the electrode is reoxidized, this C––O signal 

largely returns, indicating that the quinone redox conversion is pre
dominantly reversible during cycling. A similar trend is observed for the 
band near 1271–1280 cm− 1, assigned to quinone ring vibrations 
involving the C–C––O motif, which also decreases upon reduction and 
is consistent with the formation of the hydroquinone form [88]. In 
alkaline KOH, quinones can be reduced to dianionic hydroquinone 
species, and the loss of the neutral quinone structure is reflected by the 
diminished intensities of both the C––O stretching and the ~1270 cm− 1 

bands.
The provided power-law formula in Eq. (3) illustrates the relation

ship between current (i) and scan rate (v) utilized to enhance the un
derstanding of the capacitive characteristics of the developed BDTD- 
based CMPs [89,90]. 

i = avb (3) 

Here, a and b are fitting constants, and b is obtained from the slope of 
the linear plot of log(i) versus log(v). A b value close to 1 indicates that 
charge storage is mainly governed by a surface-controlled capacitive 
process typical of EDLC behavior. In contrast, a b value near 0.5 suggests 
that the response is dominated by diffusion-limited ion transport within 
the electrode material. Fig. 6a and d presents the fitted b values for 
PTPh-BDTD and PTDE-BDTD. For the anodic peaks, the slopes are 0.915 
and 0.738, respectively, while for the cathodic peaks, they are 0.837 and 
0.660. These intermediate values indicate that charge storage in the 
BDTD-based CMPs involves a mixed contribution from surface- 
controlled capacitive effects and diffusion-limited Faradaic processes, 
consistent with a pseudocapacitive charge-storage mechanism. Further, 
we established the capacitive contribution ratio under different scan 
rates using Eq. (4) [91,92]: 

i(V) = k1v+ k2v1/2 (4) 

where i(V) denotes the CV current-voltage relationship, in which the 
capacitive contribution is represented as k1v, and the intercalated 
charge is represented by k2v1/2. The capacitive contribution was 
determined to be 54% for PTPh-BDTD and 19% for PTDE-BDTD at a 5 
mV s− 1 scan rate (Fig. 6b and e). PTPh-BDTD exhibits a larger capacitive 

Fig. 5. (a) Proposed redox mechanism of the BDTD. (b–c) Ex-situ FT-IR spectra of PTPh-BDTD-based electrode at oxidized/reduced/re-oxidized states.
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contribution, which can be attributed to its higher surface area and more 
accessible porosity, providing more adsorption and redox-active sites 
and facilitating rapid electrolyte-ion transport to these sites [56,93]. As 
the scan rate increases from 5 to 200 mV s− 1, the capacitive fraction 
rises, reaching about 88% for PTPh-BDTD and 60% for PTDE-BDTD 
(Fig. 6c and f). This shift reflects the reduced time ions have to diffuse 
into the bulk of the electrode at high scan rates, so charge storage be
comes increasingly dominated by surface-controlled processes [59,94]. 
Conversely, at lower scan rates, ions can penetrate deeper into the 
electrode framework, increasing the diffusion-controlled contribution 
and lowering the relative capacitive portion. Overall, the higher surface 
area together with the phenyl-linker architecture in PTPh-BDTD pro
motes fast ion transport and greater utilization of surface-accessible 
redox sites, leading to improved rate performance.

In general, the PTPh-linked CMP exhibits a higher specific capaci
tance than the ethynylbenzene-linked analogue. Because the BET sur
face areas are relatively close, the performance enhancement is not 
governed by surface area alone but instead by differences in framework 
packing, charge-transport kinetics, and the effective utilization of redox- 
active sites. In PTPh-BDTD, the phenyl linker promotes a more contin
uous conjugated pathway and stronger interlayer π–π interactions, 
which is consistent with its more compact microstructure and the 
slightly smaller interlayer distance observed by XRD (3.27 Å) compared 
with PTDE-BDTD (3.30 Å). Elemental analysis and XPS further reveal 
higher heteroatom contents in PTPh-BDTD (O 17.84% and S 12.64%) 
than in PTDE-BDTD (O 14.03% and S 8.32%), indicating a higher den
sity of electrochemically addressable carbonyl- and sulfur-related redox 
sites and thus a larger pseudocapacitive contribution. The impedance 
results support faster interfacial kinetics for PTPh-BDTD, with a lower 
charge-transfer resistance (Rct = 6.55 Ω) than PTDE-BDTD (Rct = 8.93 
Ω), while both exhibit comparable electrolyte-related series resistance 
(Rs) under identical conditions. Consistently, four-probe measurements 
show higher intrinsic electronic conductivity for PTPh-BDTD (9.0 S 
cm− 1) relative to PTDE-BDTD (7.5 S cm− 1). Moreover, kinetic analysis 
shows a markedly higher capacitive contribution for PTPh-BDTD (54% 
at 5 mV s− 1, increasing to ~88% at 200 mV s− 1) compared with PTDE- 
BDTD (19% at 5 mV s− 1, increasing to ~60% at 200 mV s− 1), 

demonstrating more efficient utilization of near-surface redox sites at 
practical rates. By contrast, PTDE-BDTD shows a less compact packing 
motif, fewer heteroatom-derived redox sites, higher Rct, and lower 
conductivity, which together limit ion/electron transport and reduce 
redox-site utilization. Overall, these results demonstrate that high 
capacitance in CMP-based supercapacitor electrodes is primarily 
dictated by compact π-stacked microstructures, abundant accessible 
redox sites, and rapid charge-transfer/electron-transport pathways, 
rather than by modest differences in BET surface area.

Considering the results mentioned above, PTPh-BDTD CMP demon
strated greater capacitance performance. Consequently, a symmetric 
supercapacitor (SC) device was assembled in a two-electrode configu
ration to investigate the potential use of PTPh-BDTD CMP in actual 
supercapacitor technologies. The mass loadings of both electrodes were 
carefully optimized. The positive and negative electrodes were fabri
cated using identical procedures with equal active material mass load
ings of approximately 1.0 mg per electrode, ensuring adequate mass 
balancing (m+ = m− ). Consequently, both electrodes contribute equally 
to charge storage, and no capacitance mismatch is expected [95,96]. 
Fig. 7a depicts the device configuration, which consists of two identical 
PTPh-BDTD CMPs attached to carbon sheets. One acts as the positive 
electrode, and the other as the negative electrode. A piece of filter paper 
separates the two electrodes, and 1 M KOH is used as the electrolyte. CV 
profiles are recorded at scan speeds varying from 5 to 200 mVs− 1 at a 
specified voltage difference of +0.8 V. Fig. 7b shows semi-rectangular 
CV shapes demonstrating reversible pseudocapacitive behavior within 
the selected potential operating window. The CV responses show mini
mal distortion at higher scan rates, reflecting fast electrolyte-ion trans
port and efficient charge uptake. In addition, the charge–discharge 
curves obtained between 0.3 and 50 A g− 1 exhibit a nearly triangular 
shape (Fig. 7c), supporting a pseudocapacitive storage process for the 
PTPh-BDTD electrode. These pseudocapacitive processes are similar 
across both electrodes, especially at high current densities, thereby 
improving overall charge storage. The overall capacitance of the full cell 
was determined by summing the capacitances of both cathodic and 
anodic electrodes using Eq. (S4) [55], as illustrated in Fig. 7d and 
Table S12, yielding values of 112.41, 96.88, 87.18, 65.08, 53.13, 28.99, 

Fig. 6. (a and d) Log(i) against log(v) graphs, (b and e) Capacitive-diffusion contributions examined at 5 mV s− 1, (c and f) Charge retention characteristics influenced 
by capacitive-diffusion mechanisms at different scan speeds for PTPh-BDTD and PTDE-BDTD CMPs, respectively.
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27.12, 25.24, 23.24, 22, 20.62, 19, and 18.74 F g− 1 at different current 
densities, confirming the good electrochemical performance of PTPh- 
BDTD-based device. The CV and GCD responses of the assembled 
supercapacitor device are less ideal than those measured in the three- 
electrode configuration, primarily because the full cell has higher in
ternal resistance. This resistance includes contributions from the sepa
rator, electrode–electrolyte interfaces, and contact resistances within 
the device [97]. Moreover, despite careful control during fabrication, 
the active-material loading differed between the three-electrode and 
two-electrode measurements because the electrode sizes were different. 
In the three-electrode test, the working electrode area was small (3.0 
mm diameter), so the deposited mass was correspondingly lower. Such 
minimal loading facilitates efficient ion transport in the electrolyte and 
reduces internal resistance, thereby producing more ideal CV and GCD 
profiles [98]. In contrast, the two-electrode setup used electrodes with a 
larger diameter (1.0 cm = 10 mm), resulting in considerably higher mass 
loading. The increased thickness and mass of the active material intro
duce greater ion-diffusion resistance and internal polarization, leading 
to less-ideal CV and GCD profiles, reduced rate capability, and lower 
specific capacitance [99]. The PTPh-BDTD–based SC device demon
strates substantially improved capacitance performance relative to 
earlier reported symmetric porous polymer–based devices (Table S13).

EIS measurements (Fig. S17) show a distinct semicircle at higher 
frequencies, along with a notably straight line in the lower-frequency 
range, suggesting minimal charge-transfer resistance and optimal 
capacitive characteristics. The Ragone plot in Fig. 7e summarizes the 
device metrics, showing an energy density of 35.97 W h kg− 1 with a 
corresponding power density of 981.06 W kg− 1. Cycling durability was 
examined by repeated GCD operation at 10 A g− 1 for 4000 cycles. As 
shown in Fig. 7f, the capacitance retention remains ~91.02%, indicating 
stable long-term operation. Moreover, the PTPh-BDTD-based SC device 
exhibits outstanding coulombic efficiency (CE) during cycling, with CE 
values ranging from 99.67 to 99.83% (Fig. 7g). This indicates a highly 
reversible charge storage behavior. Such near-ideal CE values reflect 
minimal energy losses due to parasitic processes, including electrolyte 
decomposition, gas evolution, and irreversible electrode degradation. 
These results demonstrate effective charge storage with good revers
ibility and durable electrochemical stability for the PTPh-BDTD-based 
supercapacitor device.

3. Conclusion

In summary, two PTPh-BDTD and PTDE-BDTD CMPs were 

successfully designed and synthesized by integrating the electron- 
deficient benzo[1,2-b:4,5-b′]dithiophene-4,8-dione (BDTD) and the 
π-extended pyrene-4,5,9,10-tetraone (PT) units through Suzuki and 
Sonogashira coupling reactions, respectively. The Suzuki coupling re
action was used to synthesize PTPh-BDTD CMP by combining BDTD- 
2Br, PT-4Br, and Ph-2(OH)2, while the Sonogashira coupling method 
was employed to develop PTDE-BDTD CMP using BDTD-2Br, PT-4Br, 
and DEPh-2C–––C. This work shows that linker engineering and archi
tectural control strongly influence the electrochemical response of these 
CMPs. The phenyl-linked PTPh-BDTD delivers higher performance, 
providing a specific capacitance of 410.55 F g− 1 at 0.5 A g− 1 with 
74.31% retention after 6000 charge–discharge cycles. In addition, the 
symmetric PTPh-BDTD device achieves 112.41 F g− 1 with an energy 
density of 35.97 Wh kg− 1 and retains 91.02% of its initial capacitance 
after 4000 cycles, demonstrating good long-term stability. The enhanced 
performance is attributed to its higher surface area, phenyl-bridge- 
induced π–π stacking, enhanced heteroatom content, and efficient 
charge-transport pathways, which collectively improve ion accessibility 
and redox kinetics. In contrast, PTDE-BDTD with ethynylbenzene linkers 
exhibited weaker interlayer interactions and lower capacitance, high
lighting the sensitivity of electrochemical properties to the linker type. 
Overall, this study highlights that controlling CMP architecture and 
selecting suitable π-conjugated linkers are key to regulating charge 
transport and charge-storage kinetics, offering practical guidance for the 
rational design of high-performance polymer-based supercapacitor 
electrodes.
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