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A B S T R A C T

Many current supercapacitor (SCs) electrodes still face persistent challenges, including restricted cycle durability, 
low energy density, and inadequate electrical conductivity. To overcome these drawbacks, conjugated micro
porous polymers (CMPs) have been proposed as an up-and-coming category of materials stemming from their 
tunable porosity and extended π-conjugation. In this study, we designed and synthesized two novel CMPs—TPBZ- 
BTh and TPBZ-TTh—by integrating 1,2,4,5-tetrakis-(4-aminophenyl)benzene (TPBZ-4NH2) with 2,2′-Bithio
phene-5,5′-dicarboxaldehyde [BTh–2CHO], and thieno[3,2-b]thiophene-2,5-dicarbaldehyde [TTh-2CHO] units 
through a [4 + 2] condensation Schiff-base reaction. Both CMPs exhibited outstanding thermal stability, well- 
developed porous structures, and efficient charge-transport pathways, all of which are crucial for improving 
electrochemical properties. Among these two, TPBZ-TTh CMP demonstrated a remarkable specific capacitance of 
536 F g− 1 [1 A g− 1] and sustaining 96.6% capacitance retention even after prolonged cycling, reflecting its 
excellent stability and reversibility. To further evaluate its practical potential, a symmetric coin-cell super
capacitor was fabricated using TPBZ-TTh CMP material. The symmetric coin cell achieved the specific capaci
tance of 207 F g− 1 (recorded at 1 A g− 1), alongside impressive power and energy densities, confirming its 
viability for real-world SCS applications. These findings underscore the power of rational design of CMPs 
frameworks with BTh and TTh for next-generation high-performance, durable, and sustainable supercapacitor 
materials.

1. Introduction

With the rapid expansion of digital technologies, global energy de
mand continues to rise as electronic devices become integral to daily 
life. However, this digital expansion brings profound challenges—chief 
among them, the generation, storage, and sustainable supply of the 
energy required to maintain such a connected lifestyle. Presently, global 
energy consumption relies heavily on a combination of renewable re
sources (such as wind, solar, ocean, and biomass) and non-renewable 
sources (including coal and oil) [1–3]. The global energy crisis stems 

from the widening gap between the stagnant or limited energy supply 
and the escalating demand driven by population growth, industrializa
tion, and technological advancement. A central challenge of modern 
civilization lies in achieving a delicate equilibrium—balancing envi
ronmental sustainability with the convenience and efficiency expected 
by consumers, while maintaining a stable and reliable energy infra
structure to sustain economic growth [4–10]. Energy storage technolo
gies play a pivotal role. Among them, batteries and supercapacitors 
(SCs) have gained widespread attention for their capability to store and 
deliver energy efficiently. While batteries, especially lithium-ion 
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batteries (LIBs)—are celebrated for their high energy densities, their 
operation is often constrained by slow redox reactions, limited cycle 
lifespans, and safety concerns such as thermal runaway. They also suffer 
from high manufacturing costs and dependence on scarce, environ
mentally damaging raw materials [11–16].

Porous organic polymers (POPs) have attracted considerable atten
tion owing to their distinctive structural elegance, lightweight yet robust 
carbon-rich frameworks, and exceptionally high surface areas coupled 
with tunable pore architectures. These unique features enable POPs to 
perform a critical role in energy conversion and storage machinery 
[17–20]. Their versatile chemical design allows for exceptional stability 
under harsh environmental conditions, seamless integration of 
redox-active or ion-conductive sites, and precise control over ion 
diffusion pathways, all of which are essential for optimizing electro
chemical performance [21]. An additional advantage of POPs lies in 
their sustainable synthesis. These materials can be constructed from 
readily available and renewable organic precursors, offering an 
eco-friendly alternative to conventional lithium-based technologies that 
suffer from resource scarcity, high production costs, and uneven 
geographical distribution of lithium deposits [22,23]. By harnessing 
abundant organic feedstocks, POP-based systems not only alleviate 
concerns related to resource depletion but also advance greener, more 
sustainable strategies for the growth of next-generation energy storage 
systems. Thanks to their large surface area, thermal stability, porosity, 
and versatile functionality, POPs have been widely applied in areas such 
as energy storage, optoelectronics, gas adsorption and separation, and 
heterogeneous catalysis [24–29]. POPs are categorized into subclasses: 
covalent organic frameworks (COFs), CMPs, and hyper-crosslinked 
polymers (HCPs), [27–32]. Among these families, CMPs stand out due 
to the synergistic combination of extended π-conjugation and intrinsic 
microporosity. This rare interplay enables CMPs to serve as a versatile 
molecular platform that bridges the gap between electronic conductivity 
and structural porosity [33,34]. The conjugated backbones of CMPs 
promote efficient charge delocalization, a property rarely found in 
conventional porous materials, while their microporous nature ensures a 
high ion-accessible surface area crucial for rapid charge transport [35]. 
This dual advantage, combined with their remarkable chemical resil
ience, thermal stability, and tunable electronic structure, positions CMPs 
as ideal candidates for a broad spectrum of advanced energy technolo
gies. In particular, the interconnected π-conjugated networks facilitate 
rapid ion diffusion and high-rate charge discharge processes, making 
these materials highly effective for supercapacitors, lithium–sulfur bat
teries, and sodium-ion storage devices [13,26]. The strategic incorpo
ration of heteroatoms and redox-active sites into the framework of CMPs 
has significantly broadened their functional scope [34].

Tetraphenylbenzene (TPBZ) is an aromatic organic compound in 
which four phenyl groups are attached to a central benzene ring. Its rigid 
and highly conjugated framework provides excellent structural stability 
and strong π–π stacking interactions. Owing to its symmetric and bulky 
architecture, TPBZ is widely employed as a versatile building block for 
constructing POPs with promising applications in artificial photosyn
thesis and wastewater treatment [36,37]. Among the various building 
blocks for constructing advanced CMPs, sulfur-containing heterocyclic 
compounds, particularly 2,2′-Bithiophene (BTh) and Thieno[3,2-b] 
thiophene (TTh), have garnered immense attention in recent years. 
Their unique π-conjugated frameworks and electroactive sulfur hetero
atoms endow them with outstanding electrical and electrochemical 
properties, thus making them perfect for applications involving 
advanced energy storage [38–40]. Structurally, both compounds 
contain thiophene rings, yet they differ in configuration: bithiophene 
consists of two thiophene units linearly connected through a carbon
–carbon bond, while dithiophene features a more intricate linkage that 
influences its conjugation and electronic delocalization characteristics. 
These thiophene (Th)-based units are particularly advantageous for 
supercapacitor electrode materials, as their conjugated backbones 
facilitate efficient charge transport, while their sulfur atoms participate 

in reversible redox reactions, enhancing both capacitance and stability. 
Moreover, their intrinsic chemical robustness and structural resilience 
allow them to withstand repeated charge–discharge cycles without 
significant degradation, maintaining excellent cycling durability 
[41–44]. While various CMPs have been evaluated as SC electrodes, 
those constructed from BTh and TTh building blocks have yet to be 
systematically assessed for electrochemical performance.

In this study, we successfully synthesized a series of TPBZ-based 
CMPs [TPBZ-BTh and TPBZ-TTh CMPs] and systematically evaluated 
their electrochemical performance. The results underscore the remark
able potential of functionalized TPBZ-based CMP frameworks as highly 
efficient electrode materials for organic supercapacitor systems. The 
TPBZ backbone serves as a structurally robust and π-conjugated frame
work, capable of forming moderate surface-area porous architectures. 
By strategically integrating TPBZ units with BTh and TTh moieties, we 
developed electrode materials exhibiting superior electrical conductiv
ity, enhanced charge-transfer efficiency, and significantly improved 
specific capacitance. TPBZ-TTh CMP shows excellent stability and 
electrochemical performance, delivering a high specific capacitance of 
536 F g− 1 at 1 A g− 1 with 96.6% retention after long-term cycling. When 
applied in a symmetric coin-cell, it achieved a specific capacitance of 
207 F g− 1, demonstrating strong practical potential for energy storage 
applications.

2. Experimental section

2.1. Materials

1,4-dioxane (DO), 1,2,4,5-tetrabromobenzene (TBBZ), mesitylene, 4- 
aminophenylboronic acid (BZB-NH2, 98%), thieno[3,2-b]thiophene-2,5- 
dicarbaldehyde [TTh-2CHO], 2,2′-Bithiophene-5,5′-dicarboxaldehyde 
[BTh–2CHO], anhydrous magnesium sulphate (MgSO4, ≥99.5%), tet
rakis(triphenylphosphine)palladium [Pd(PPh3)4, 98%], potassium car
bonate (K2CO3, ≥99.8%), tetrahydrofuran (THF), and acetone, were 
supplied by Sigma-Aldrich and Alfa Aesar, respectively.

2.2. Synthesis of TPBZ-4NH2

In a dry, nitrogen-purged round-bottom flask, TBBZ (0.7 g), BZB-NH2 
(2.13 g), Pd(PPh3)4 (105 mg), and potassium carbonate (K2CO3, 2.5 g, 
18.09 mmol) were introduced as reactants. The reaction vessel was 
evacuated for 20 min to thoroughly remove residual air and moisture, 
ensuring an oxygen- and moisture-free environment conducive to 
effective cross-coupling. Subsequently, 1,4-dioxane (40 mL) and 
deionized water (8 mL) were added as the solvent system. The reaction 
mixture was heated to 110 ◦C with continuous stirring for three days 
under inert atmospheric conditions, allowing complete progression of 
the Suzuki–Miyaura cross-coupling reaction. After the finishing point of 
the reaction, the mixture was naturally cooled to ambient temperature. 
Subsequently, 150 mL of H2O was introduced, which triggered the 
precipitation of the crude product from the reaction medium. To get rid 
of any inorganic salts, leftover catalyst, and unreacted boronic acid, the 
solid product was gathered using vacuum filtering and extensively 
cleaned with more deionized water. The crude material obtained was 
further refined through column chromatography, employing a 1:1 sol
vent mixture of dichloromethane and tetrahydrofuran as the eluent. This 
purification step yielded the target compound TPBZ-4NH2 as a light- 
colored solid in 0.77 g (yield: 88%, Scheme S1).

2.3. Preparation of TPBZ-BTh and TPBZ-TTh CMPs

A mixture containing TPBZ-4NH2 (0.10 g), BTh–2CHO (0.05 g), or 
TTh-2CHO (0.04 g) was prepared in individual 25 mL Schlenk tubes. To 
each tube, a solvent mixture of mesitylene (5 mL) and 1,4-dioxane (5 
mL) was added, followed by 1 mL of 6 M acetic acid as the catalyst. The 
reaction mixtures were then degassed via three freeze–pump–thaw 
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cycles to eliminate any dissolved oxygen and moisture, ensuring an inert 
environment conducive to effective polymerization. After degassing, the 
tubes were flame-sealed under vacuum to maintain an oxygen-free at
mosphere. The sealed reaction tubes were subsequently heated to 110 ◦C 
and maintained at this temperature for three days, allowing the Schiff- 
base condensation reaction to proceed to completion. After the reac
tion mixtures were finished and allowed to cool to an ambient temper
ature, the solid products were collected using vacuum filtering. The 
obtained solids were thoroughly washed in sequence with DMF, tetra
hydrofuran (THF), and acetone to remove any unreacted monomers, 
oligomers, or residual catalysts. Finally, the purified materials were 
dried under vacuum at 100 ◦C overnight, yielding the desired TPBZ-BTh 
CMP as a yellow color and TPBZ-TTh CMP as a dark brown color.

3. Results and discussion

3.1. Structural and Physicochemical characterization of TPBZ-BTh and 
TPBZ-TTh CMPs

Two novel thiophene (Th)-based conjugated microporous polymers 
(CMPs) were successfully synthesized by incorporating two thiophene- 
derived dialdehyde monomers—[2,2']bithiophenyl-5,5′-dicarbalde
hyde (BTh-2CHO) and thieno[3,2-b]thiophene-2,5-dicarbaldehyde 
(TTh-2CHO)—into a TPBZ-4NH2 precursor through a catalyst-free 
Schiff-base condensation reaction [4 + 2 type], as shown in Fig. 1(a) 
and (b). The TPBZ-4NH2 precursor was obtained through a Suzuki 
coupling reaction involving TBBZ and TPBZ-4NH2, as detailed in the 
experimental section. Nuclear magnetic resonance (NMR) and Fourier- 

transform infrared (FT-IR) spectroscopic techniques indisputably vali
dated the successful synthesis of TPBZ-4NH2 as a building unit. The FT- 
IR spectrum of TPBZ-4NH2 (Fig. S1) displayed prominent absorption 
vibrations at 3431 cm− 1 and 3352 cm− 1, corresponding to N–H 
stretching bands of amino (NH2) groups, verifying the presence of free 
amine functionalities. Further absorption vibrations observed at 3039 
cm− 1 and 1631 cm− 1 were attributed to aromatic C–H stretching and 
C––C stretching bands, respectively. 1H NMR spectrum of TPBZ-4NH2 
(Fig. S2) exhibited four distinct proton resonances at 7.1, 6.8, 6.4, and 
5.0 ppm, which were assigned to the aromatic protons and NH2 protons, 
respectively. Furthermore, the 13C NMR spectrum of TPBZ-4NH2 
(Fig. S3) revealed well-defined signals within the 146.8–113.4 ppm re
gion, characteristic of aromatic carbon environments. The production of 
highly crosslinked polymer networks was clearly confirmed by the 
complete insolubility of both TPBZ-BTh and TPBZ-TTh CMPs in all 
common organic solvents, including DMF, THF, DMSO, acetone, and 
ethanol. This insolubility behavior is a hallmark of successful network 
formation through complete imine (C––N) linkage condensation, signi
fying a rigid conjugated framework with excellent structural integrity 
and chemical resistance. The chemical structures of TPBZ-BTh and 
TPBZ-TTh CMPs were verified by FT-IR and cross-polarization magic- 
angle spinning (CPMAS) 13C NMR spectroscopy. The FT-IR spectra 
[Fig. 1(c)] exhibited distinct absorption bands corresponding to aro
matic C–H stretching (3026–3034 cm− 1), C––N (1667 cm− 1), aromatic 
C––C stretching (1647–1599 cm− 1), and C–S (710 cm− 1). The absence of 
characteristic peaks corresponding to the C––O and CHO functional 
groups in the FTIR spectra of TPBZ-BTh and TPBZ-TTh CMPs confirms 
the complete consumption of these groups during [4 + 2] 

Fig. 1. Schematic illustration of (a) TPBZ-BTh and (b) TPBZ-TTh CMPs, (c) FTIR spectra, (d) solid-state 13C NMR spectra [* is the side band of solid-state NMR.], and 
(e) XPS spectra of TPBZ-BTh and TPBZ-TTh CMPs.
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polymerization [45,46]. The CPMAS 13C NMR spectra [Fig. 1(d)] further 
supported the formation of the imine-linked networks, displaying reso
nances in the approximately 151 ppm region (C––N carbons) and 
140–104 ppm region (C–S and aromatic carbons), characteristic of 
conjugated frameworks containing imine linkages and aromatic rings 
[46,47]. X-ray photoelectron spectroscopy (XPS) gave thorough expla
nations of the fundamental components and chemical properties of the 
frameworks. The survey spectra [Fig. 1(e)] show the existence of C, N, 
and S, consistent with the designed structure. The atomic compositions 
(Table S1) were 73.0 % C, 10.8 % N, and 16.1 % S for TPBZ-BTh CMP, 
and 75.8 % C, 9.5 % N, and 14.6 % S for TPBZ-TTh CMP. The 
high-resolution X-ray photoelectron spectroscopy (XPS) spectra of the 
synthesized TPBZ-BTh and TPBZ-TTh CMPs [Fig. 2(a–f)] provided 
detailed insights into the chemical bonding atmospheres of the constit
uent elements. For the C 1s spectra, TPBZ-BTh CMP [Fig. 2(a)] exhibited 
distinguishing peaks at 283.1 eV and 282.4 eV, which were assigned to 
C–C/C––C bonds within the aromatic framework and C–N/C––N bonds 
arising from the imine linkages, respectively. Similarly, TPBZ-TTh CMP 
[Fig. 2(d)] displayed corresponding peaks at 282.8 eV (C–C/C––C) and 
282.3 eV (C–N/C––N), confirming the preservation of the conjugated 
backbone and successful imine formation. Additional weak signals 
appearing at 284.4 eV for TPBZ-BTh CMP and 283.8 eV for TPBZ-TTh 
CMP were attributed to C–S bonding, verifying the incorporation of 
Th moieties into the polymer networks. The N 1s spectra further 

corroborated these findings, showing two well-resolved peaks at 396.8 
eV corresponding to C––N, and 398.4 eV for C–N for TPBZ-BTh CMP 
[Fig. 2(b)], while TPBZ-TTh CMP [Fig. 2(e)] exhibited similar features at 
396.7 eV associated with C––N and 397.9 eV for C–N. The S 2p spectra of 
both TPBZ-BTh and TPBZ-TTh CMPs displayed characteristic spin–orbit 
doublets at 162.2/163.4 eV for TPBZ-BTh CMP [Fig. 2(c)] and 
162.1/163.3 eV for TPBZ-TTh CMP [Fig. 2(f)], associated with the 
components of S 2p3/2 and S 2p1/2 of thiophene sulfur atoms [48–50].

The relative proportion of each functional group was further quan
tified by calculating the absolute area of the fitted peaks (Table S2). This 
detailed analysis confirms the successful incorporation and chemical 
state of the key elements within both TPBZ-CMPs. Thermogravimetric 
analysis (TGA) revealed remarkable heat stability for both CMPs [Fig. 3
(a)]. The 10% weight loss temperatures (Td10) were 537 ◦C for TPBZ-BTh 
CMP and 611 ◦C for TPBZ-TTh CMP. The char yields at 800 ◦C were 
71.6% and 78.2%, respectively. The enhanced stability of TPBZ-TTh 
CMP can be attributed to the higher conjugation and rigidity intro
duced by the TTh backbone. X-ray diffraction (XRD) patterns [Fig. 3(b)] 
exhibited broad halos centered around 2θ ≈ 19.5◦, which is attributed to 
localized π–π stacking between aromatic segments, confirming the 
amorphous nature of both TPBZ-BTh and TPBZ-TTh CMPs. The absence 
of sharp peaks indicates a non-crystalline framework, which is advan
tageous for electrochemical applications. Amorphous materials often 
possess abundant coordinatively unsaturated sites and open-shell defect 

Fig. 2. (a-f) Deconvolution XPS profiles of the C 1s (a, d) and N 1s (b, e) and S 2p (c, f) for (a-c) TPBZ-BTh CMP and (d-f) TPBZ-TTh CMP.
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states, providing active centers for electrochemical reactions. Moreover, 
their structural disorder promotes efficient ion diffusion and charge 
transfer, thus enhancing long-term cycling stability [51]. The porous 
features of the produced TPBZ-based CMPs were comprehensively 
studied by nitrogen (N2) adsorption–desorption isotherm measure
ments. Surface area (SBET) and total pore volume (TPV) were determined 
based on the Brunauer–Emmett–Teller (BET) method and the Non-Local 
Density Functional Theory (NLDFT) model. As depicted in Fig. 3(c), both 
TPBZ-BTh and TPBZ-TTh CMP had Type II isotherms, characteristic of 
microporous materials. Quantitatively, TPBZ-BTh CMP possessed SBET of 
47 m2 g− 1 and a TPV of 0.24 cm3 g− 1, whereas TPBZ-TTh CMP 
demonstrated a substantially higher SBET of 126 m2 g− 1 and a TPV of 
0.14 cm3 g− 1. The arrangement of pore sizes further revealed that 
TPBZ-BTh CMP contained pores predominantly in the 1.02–2.5 nm 
range, while TPBZ-TTh CMP featured narrower pores centered around 
1.98 nm [Fig. 3(d)]. The difference in the BET surface area of TPBZ-TTh 
CMP and TPBZ-BTh CMP mainly arises from the structural rigidity of the 
thiophene-based linkers. TPBZ-TTh CMP contains a rigid, planar fused 
thieno[3,2-b]thiophene (TTh) unit, which limits backbone twisting and 
promotes stable, accessible micropore formation. In contrast, the flex
ible bithiophene (BTh) linker in TPBZ-BTh CMP allows greater chain 
rotation, leading to partial pore collapse and lower accessible surface 
area.

Scanning electron microscopy (SEM) images [Fig. 4(a–f)] revealed 
that both TPBZ-BTh and TPBZ-TTh CMPs consist of irregular agglom
erates of amorphous particles. Elemental mapping via SEM-EDS 
confirmed the homogeneous distribution of C (violet), N (green), and 
S (red) across the TPBZ-BTh and TPBZ-TTh CMPs [Fig. 4(g-l)], verifying 
compositional uniformity. Transmission electron microscopy (TEM) 
images of TPBZ-BTh and TPBZ-TTh CMPs (Fig. S4) further illustrated 
disordered, non-crystalline morphologies, devoid of any lattice fringes, 

even at high magnification.

3.2. The electrochemical properties of TPBZ-BTh and TPBZ-TTh CMPs 
were studied using a three-electrode configuration

The electrochemical behavior of the synthesized TPBZ-BTh and 
TPBZ-TTh CMPs was methodically examined through CV and GCD 
measurements. These techniques provided detailed insights into their 
charge storage competence along with general electrochemical perfor
mance. Electrochemical measurements were carried out in a three- 
electrode system with TPBZ-BTh and TPBZ-TTh CMPs-coated elec
trodes as the working electrode, Hg/HgO as the reference, Pt wire as the 
counter electrode, and 1 M KOH electrolyte. The CV curves of TPBZ-BTh 
and TPBZ-TTh CMPs, collected from − 1.0 to 0.0 V at 5–20 mV s− 1 [Fig. 5
(a) and (b)], revealed quasi-rectangular shapes, a hallmark of electric 
double-layer capacitance (EDLC) behavior. However, the lack of 
noticeable redox peaks at all scan rates indicates that the charge storage 
process is mainly controlled by electrostatic ion adsorption occurring at 
the interface of the electrolyte and the electrode. Nevertheless, the slight 
distortion from an ideal rectangular profile suggests a minor pseudo
capacitive contribution, likely arising from surface heteroatoms (N and 
S) capable of reversible faradaic reactions [52,53]. In agreement with 
the CV findings, the GCD curves [Fig. 5(c) and (d)] for both TPBZ-BTh 
and TPBZ-TTh CMPs exhibited well-defined symmetrical and nearly 
triangular shapes. This observation further verifies that their charge 
storage behavior is predominantly governed by EDLC, with only minor 
contributions from pseudocapacitive processes. The GCD tests were 
performed over a current density range of 1–20 A g− 1 within an identical 
potential range (− 1.0 to 0.0 V). Notably, TPBZ-TTh CMP exhibited 
longer discharge times than TPBZ-BTh CMP at all current densities, 
signifying a higher charge storage capability. This enhancement can be 

Fig. 3. (a) TGA traces, (b) XRD profiles, (c) N2 adsorption-desorption isotherms, and (d) pore size diameters profiles of TPBZ-BTh and TPBZ-TTh CMP.
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ascribed to the greater surface area, tighter microporous structure, and 
more efficient ion diffusion pathways. At lower current densities, the 
electrolyte ions could fully access the internal micropores, resulting in 
maximized utilization of active sites and enhanced specific capacitance.

In contrast, at higher applied current densities, the shortened ion 
diffusion time restricted charge storage primarily to the outer surface of 
the material, leading to a reduction in capacitance. This phenomenon 
highlights the influence of ion transport limitations at elevated char
ge–discharge rates [51]. The pseudocapacitive and EDLC contributions 
were also separated using Trasatti's technique. A semi-infinite diffusion 

process is confirmed by a linear relationship seen in the plot of the 
square root of scan rate (v0.5) against the reciprocal of areal capacitance 
(C− 1) [Fig. 6(a)].

Equation (1) defines the converse of EDLC as the y-intercept of this 
linear fit, which makes it possible to quantitatively distinguish between 
diffusion-controlled and capacitive charge storage components. The y- 
intercept associated with this linear fit is attributed to the reciprocal of 
the total capacitance (Ct

− 1), as described by Equation (1): 

C− 1 = constant × v
1
2 + Ct− 1 (1) 

Fig. 4. (a-f) SEM images and (g-l) SEM-EDS images of (a-c, g-i) TPBZ-BTh CMP and (d-f, j-l) TPBZ-TTh CMP.
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The analysis derived from Trasatti's method further corroborates the 
charge-storage mechanism of the TPBZ-based CMP electrodes. Consid
ering semi-infinite ion diffusion kinetics, plotting C against the recip
rocal of v− 0.5 likewise reveals a linear connection. A trustworthy 
indicator of the inherent electrochemical behavior is the interception of 
this linear fit, which is equal to the inverse of Ct. As anticipated, with 
increasing scan rates, insufficient time for electrolyte ions to penetrate 
the porous structure enhances the capacitive contribution. The total 
capacitance (Ct) and proportional offerings of the diffusion- and surface- 
controlled processes were computed using this connection. Fig. 6(c) and 
(d), revealed that the EDLC (surface-controlled) contribution was found 
to be 10% for TPBZ-BTh CMP and only 8% for TPBZ-TTh CMP at 5 mV 
s− 1. At lower scan speeds, however, the pseudocapacitive contribution 
increases, which is brought on by sulfur heteroatoms embedded in the 
dithiophene moieties, enabling more complete usage of active sites and 
deeper ion penetration. The long-term electrochemical stability of the 
TPBZ-based CMPs was evaluated through continuous GCD cycling over 
5000 consecutive cycles. As illustrated in Fig. 7(a), both TPBZ-BTh and 
TPBZ-TTh CMPs exhibited remarkable cycling stability and excellent 
capacitance retention. After 5000 cycles, TPBZ-BTh and TPBZ-TTh CMP 
retained 92.2% and 96.6%, respectively, of their initial capacitance 
values. The complementary advantages of the BTh and TTh units are 
responsible for these materials' greater stability, which enhances elec
trical conductivity and chemical stability of the polymer network. The 
presence of heteroatoms (N and S) within the conjugated framework 
further contributes to performance enhancement by introducing addi
tional redox-active sites, facilitating charge delocalization, and stabi
lizing the electrochemical interface during cycling. These structural and 
compositional advantages collectively result in enhanced charge-storage 

capacity, minimized degradation, and long-term operational reliability 
of the TPBZ-CMP electrodes [54]. From the GCD data, the specific ca
pacitances were calculated to be 536 F g− 1 for TPBZ-TTh and 358 F g− 1 

for TPBZ-BTh CMPs at a current density of 1 A g− 1.
Due to limited ion diffusion and inadequate time for electrolyte ions 

to reach all active sites within the electrode material, specific capaci
tance gradually decreases with increasing current density, as depicted in 
Fig. 7(b). Electrochemical impedance spectroscopy (EIS) was employed 
to study deeper into charge storage kinetics and interfacial properties of 
the electrode materials. The EIS data were fitted using a standard 
equivalent circuit model (Fig. S5) consisting of a solution resistance (Rs), 
a charge-transfer resistance (Rct), a constant phase element (CPE) rep
resenting non-ideal EDLC, and a Warburg element (W) associated with 
ion diffusion. The Nyquist plots of TPBZ-BTh and TPBZ-TTh CMPs 
[Fig. 7(c)], at high frequencies, show that the semicircular feature cor
responds to the Rs and Rct. Moreover, the presence of an almost vertical 
line in the low-frequency region, corresponding to the W, indicates 
effective ion diffusion throughout the porous framework of the material. 
Deviations from ideal capacitive behavior, particularly at low fre
quencies, are described by the CPE, which accounts for distributed 
capacitance arising from pore size variation and surface heterogeneity. 
For TPBZ-BTh and TPBZ-TTh CMPs, fitting the impedance spectra re
sults in Rs values of 11.45 and 7.94 Ω and Rct values of 9.0 and 7.3 Ω, 
respectively. The high capacitance of TPBZ-BTh and TPBZ-TTh CMPs is 
attributed to their good electrical conductivity and low internal resis
tance within the CMP framework, as evidenced by these low resistances, 
which also indicate strong electrode–electrolyte interactions and effi
cient ion transport pathways. While the increased impedance at higher 
frequencies indicates resistive constraints, the Bode magnitude plots 

Fig. 5. (a, b) Cyclic voltammetry (CV) and (c, d) galvanostatic Charge-discharge (GCD) curves of (a, c) TPBZ-BTh CMP and (b, d) TPBZ-TTh CMP, measured 
employing a three-electrode cell.
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Fig. 6. (a) Plots of C− 1 versus v0.5. (b) Plots of the reciprocal of v− 0.5 vs areal capacitance (C). (c, d) Percentage contribution from EDLC and pseudocapacitance for 
(c) TPBZ-BTh and (d) TPBZ-TTh CMPs.

Fig. 7. (a) Percentage capacitance retention and (b) specific capacitance graphs of TPBZ-BTh and TPBZ-TTh CMPs for three three-electrode systems. (c) Nyquist plots 
and (d) Bode plot of frequency-dependent resistance (magnitude) for TPBZ-BTh and TPBZ-TTh CMPs.
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[Fig. 7(d)] demonstrate a progressive reduction at lower frequencies, 
confirming capacitive behavior. The moderate knee frequencies indicate 
strong performance under high-rate operating conditions because they 
represent a well-balanced tradeoff between surface-controlled kinetics 
and ion diffusion. The XPS spectra of TPBZ-BTh CMP [Fig. S6(a)] and 
TPBZ-TTh CMP [Fig. S6(b)] after 5000 charge–discharge cycles exhibit 
characteristic C 1s peaks corresponding to C–C/C––C (284.13 eV), C––N 
(285.54 eV), C–N (286.82 eV), and C–S (287.95 eV). These results 
confirm that the π-conjugated CMP backbone remains structurally intact 
during prolonged electrochemical operation. Additional C 1s peaks at 
289.16, 290.34, and 291.60 eV are attributed to the polymeric binder 
(Nafion), corresponding to C–SO3, C–F, and CF2 species, respectively. 
Following stability cycling, SEM observations of TPBZ-BTh CMP and 
TPBZ-TTh CMP [Fig. S7] indicate that the original morphological fea
tures are largely preserved relative to the pristine materials, despite 
noticeable increases in surface roughness and a more loosely packed 
particle arrangement. Portions of the larger aggregates are disintegrated 
into smaller granular domains, implying internal structural reorgani
zation rather than actual material deterioration. The absence of pro
nounced collapse or severe fragmentation demonstrates the excellent 
morphological durability of the CMPs after prolonged electrochemical 
cycling.

3.3. Electrochemical performance of TPBZ-BTh and TPBZ-TTh CMPs 
based on a symmetric coin cell

The electrochemical performance of the symmetric SCs devices 
assembled from TPBZ-BTh CMP and TPBZ-TTh CMP electrodes (Fig. S8) 
was thoroughly investigated using GCD and CV techniques. All elec
trochemical tests were performed in a positive potential window of 0 to 
+0.8 V to evaluate the practical energy storage performance of the 

materials under symmetric two-electrode configurations. The CV pro
files of the TPBZ-BTh and TPBZ-TTh CMPs symmetric devices [Fig. 8(a) 
and (b)] exhibited well-defined quasi-rectangular shapes, particularly at 
lesser scan rates, which are distinctive of an EDLC mechanism. The lack 
of distinct redox features suggests that charge storage is primarily 
controlled by electric double-layer adsorption at the electro
de–electrolyte interface, while minor deviations from ideal rectangu
larity indicate a small pseudocapacitive contribution from heteroatoms 
(N and S) embedded in the conjugated framework. Importantly, both 
electrodes maintained highly stable electrochemical responses even 
under rapid scanning conditions, demonstrating their superior rate 
capability, fast ion transport, and outstanding structural integrity during 
rapid charge–discharge cycles. The GCD curves [Fig. 8(c) and (d)] of 
TPBZ-BTh and TPBZ-TTh CMPs devices further substantiated the CV 
results, displaying perfectly symmetrical triangular shapes with minimal 
voltage drop, confirming the dominant EDLC behavior and efficient 
charge–discharge reversibility.

Both CMP materials exhibited outstanding cycling stability, with 
TPBZ-BTh and TPBZ-TTh CMPs retaining 91.2% and 96.1% of their 
initial capacitance values, respectively, after 4000 consecutive char
ge–discharge cycles [Fig. 9(a)]. This excellent retention underscores the 
structural robustness and long-term electrochemical durability of the 
TPBZ-based CMP electrodes. At 1 A g− 1, the specific capacitances were 
calculated to be 176.4 F g− 1 for TPBZ-BTh CMP and 207 F g− 1 for TPBZ- 
TTh CMP, demonstrating the superior charge-storage capability of the 
TTh-based polymer. As the current density increased to 20 A g− 1, the 
specific capacitances gradually decreased to 59 and 67 F g− 1, respec
tively [Fig. 9(b)]. The capacitance drop at high current densities results 
from hindered ion diffusion, wherein electrolyte ions are unable to fully 
penetrate the microporous framework, limiting charge storage to the 
outer electrode's surface. At these higher rates, the shortened diffusion 

Fig. 8. (a, b) CV and (c, d) GCD curves of (a, c) TPBZ-BTh CMP and (b, d) TPBZ-TTh CMP, measured using a symmetric SCs coin cell.
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time results in incomplete ion adsorption and desorption, thereby 
reducing effective capacitance. Notably, TPBZ-TTh CMP exhibited a 
significantly higher specific capacitance and superior cycling stability 
compared to its BTh analogue, TPBZ-BTh CMP. Although both CMPs 
possess extended π-conjugation and heteroatom-enriched frameworks 
favorable for charge storage, the TTh-based CMP demonstrates a more 
efficient electronic and electrochemical response. This enhancement 
arises from the electron-rich nature and highly conjugated planar ge
ometry of the TTh moiety, which enables stronger π–electron delocal
ization and more effective charge transport along the polymer 
backbone. Furthermore, the unique spatial configuration of sulfur (S) 

atoms within the dithiophene unit promotes enhanced redox activity 
while simultaneously generating a more open and accessible porous 
network. This structural arrangement facilitates superior electrolyte 
infiltration, improved ion diffusion, and faster charge transfer kinetics 
throughout the electrode. The synergistic combination of these struc
tural and electronic factors, including enhanced conjugation, optimized 
sulfur distribution, and increased pore accessibility, collectively leads to 
the significantly improved electrochemical performance of the TTh- 
based CMP, distinguishing it from its BTh counterpart.

To better understand the intrinsic charge-storage behavior and the 
underlying electrochemical mechanisms of the TPBZ-based electrodes, 

Fig. 9. (a) Percentage capacitance retention and (b) specific capacitance graphs of TPBZ-BTh and TPBZ-TTh CMPs for a symmetric coin cell.

Fig. 10. (a) Plots of C against the reciprocal of v− 0.5. (b) Plots of the reciprocal of C− 1 versus v0.5. (c, d) Capacitance contribution from EDLC and pseudocapacitance 
for (c) TPBZ-BTh CMP and (d) TPBZ-TTh CMP (e, f) CV profile representing areal contribution of EDLC and pseudocapacitance at 5 mV s− 1 for (e) TPBZ-BTh CMP and 
(f) TPBZ-TTh CMP.
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Trasatti's method [55,56] was applied. This approach allows for a 
quantitative separation of the total capacitance into its 
diffusion-controlled (intercalation-type) and surface-controlled (capac
itive) components. The areal capacitance (C) values were derived from 
CV data collected at various scan rates, yielding 62.4 mF cm− 2 for 
TPBZ-BTh CMP and 120 mF cm− 2 for TPBZ-TTh CMP [Fig. S9], 
demonstrating the superior charge-storage capacity of the TTh-based 
CMP. A plot of v1/2 vs the reciprocal of C− 1 exhibited a direct relation
ship [Fig. 10(a) and (b)], signifying a semi-infinite ion diffusion process 
occurring within the porous electrode frameworks. A complementary 
plot of areal capacitance versus v1/2 also produced a linear trend, 
consistent with the supposition of semi-infinite diffusion of ions within 
the microporous structure. From this relationship, the total capacitance 
(Ct) and relative distribution of diffusion- and surface-controlled pro
cesses were calculated. At 5 mV s− 1, the EDLC (surface-controlled) 
contribution was determined to be 57% for TPBZ-BTh CMP and only 
14% for TPBZ-TTh CMP, as shown in Fig. 10(c) and (d).

The corresponding CV profiles at 5 mV s− 1 [Fig. 10(e) and (f)] reveal 
that the shaded regions represent the portion of capacitance arising from 
diffusion-controlled processes, which dominate at lower scan rates. 
Specifically, TPBZ-TTh and TPBZ-BTh CMPs exhibited diffusion- 
controlled contributions of 86% and 43%, respectively. The diffusion- 
controlled process's contribution gradually declined as the scan rate 
increased, falling to 49% for TPBZ-TTh CMP and 11% for TPBZ-BTh 
CMP at 200 mV s− 1. This decline reflects the reduced ion diffusion ef
ficiency at increased scan rates, where the incomplete time available for 
electrolyte ions to penetrate the inner micropores confines charge 
storage primarily to the electrode surface. Such behavior is typical of 
porous and conjugated electrode materials, highlighting the delicate 
interplay between ion transport kinetics, electrode architecture, and 
charge-storage dynamics [57,58]. The distinctive structure of these 
CMPs, characterized by amorphous frameworks and rich in N and S 
heteroatoms, establishes a synergistic environment that facilitates effi
cient ion transport, enhances electrical conductivity, and boosts overall 
capacitance performance. The coexistence of diffusion-controlled redox 
reactions and surface-driven double-layer formation further accounts for 
their superior electrochemical characteristics. A Ragone plot, depicting 
correlation among energy and power densities, is an essential analytical 
tool used to assess the balance between energy storage capacity and 
power delivery capability in energy storage systems. As shown in Fig. 11
(a), the TPBZ-TTh CMP symmetric device exhibited an exceptionally 
extraordinary energy density of 36.1 Wh kg− 1 at a power density of 
1591.5 W kg− 1, reflecting its outstanding charge-storage capability 
under moderate discharge conditions. Remarkably, even at a very 
high-power density of 54900 W kg− 1, the device retained a substantial 
energy density of 12.2 Wh kg− 1, underscoring its excellent rate perfor
mance and quick charge–discharge capability. In comparison, the 

TPBZ-BTh CMP-based symmetric device achieved a supreme energy 
density of 32.1 Wh kg− 1 at a power density of 1681.3 W kg− 1, which, 
while slightly lower than that of TPBZ-TTh CMP, still indicates a robust 
energy storage behavior and efficient electrochemical reversibility. 
These results clearly demonstrate that the TPBZ-TTh CMP outperforms 
its BTh counterpart, primarily due to its higher surface area, optimized 
pore structure, and enhanced charge transport efficiency derived from 
the electron-rich TTh framework. Overall, both TPBZ-BTh and 
TPBZ-TTh CMPs exhibit outstanding power-handling characteristics, 
making them highly suitable for applications requiring rapid energy 
delivery and fast charge–discharge processes, such as in high-power 
supercapacitors and hybrid energy storage systems. Furthermore, the 
comparative Ragone analysis [Fig. 11(b)] highlights the competitive 
performance of these TPBZ-based CMPs relative to other reported ma
terials in the literature [59–65], confirming their potential as 
next-generation, high-performance, and sustainable electrode materials 
for advanced energy storage technologies. Ultimately, the data pre
sented in Table S3 and S4 demonstrate that TPBZ-TTh CMP delivers 
exceptional supercapacitive (SC) performance in both three-electrode 
and two-electrode systems, surpassing many previously reported elec
trode materials. This outstanding behavior underscores the superior 
electrochemical efficiency and well-designed structural features of 
TPBZ-TTh CMP.

Density functional theory (DFT) calculations were performed to 
elucidate the electronic structures of the TPBZ-TTh and TPBZ-BTh CMPs 
[Fig. 12]. All DFT calculations were carried out at the B3LYP/6-31G* 
level. Recent studies on DFT-guided design of CMPs for SCs have 
demonstrated that narrow bandgaps and efficient orbital delocalization 
are crucial for enhancing electrical conductivity and improving rate 
capability [66,67]. In this context, TPBZ-TTh CMP, the highest occupied 
molecular orbital (HOMO) is predominantly localized on the TTh units, 
while the lowest unoccupied molecular orbital (LUMO) is mainly 
distributed over the TPBZ units with a minor contribution from the TTh 
moieties. This distinct spatial separation of frontier orbitals facilitates 
efficient intramolecular charge transfer and promotes rapid electron 
transport along the polymer backbone, which is advantageous for 
achieving low internal resistance and high-power density in super
capacitor electrodes. In contrast, TPBZ-BTh CMP exhibits a more delo
calized HOMO extending across both TPBZ and BTh units, whereas the 
LUMO is primarily localized on the TPBZ units with partial contribution 
from one thiophene unit of BTh. In addition, the deeper-lying occupied 
orbitals (HOMO− 2 and HOMO− 3) are mainly localized on the BTh units 
with limited extension onto the TPBZ [Fig. S10]. Given the established 
structure-property relationships in energy storage materials, such partial 
spatial overlap between occupied and unoccupied orbitals may induce 
localized charge trapping and increase internal charge recombination, 
thereby limiting charge transport efficiency and rate performance in 

Fig. 11. (a) Ragone plots of TPBZ-BTh and TPBZ-TTh CMPs, showing energy density (Wh kg− 1) as a function of power density (W kg− 1). (b) Comparison of the 
energy densities of TPBZ-BTh and TPBZ-TTh CMPs with representative literature-reported materials supercapacitors.
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electrochemical energy storage applications. The calculated frontier 
molecular orbital energies further support these interpretations. 
TPBZ-TTh CMP exhibits HOMO and LUMO energy levels of − 7.98 and 
− 6.84 eV, respectively, corresponding to a relatively narrow bandgap of 
1.13 eV, which is favorable for enhanced electronic conductivity and 
rapid charge transfer during repeated charge–discharge processes. In 
comparison, TPBZ-TTh CMP shows a deeper HOMO and a comparable 
LUMO level (− 8.73 and − 6.79 eV), resulting in a larger bandgap of 1.94 
eV that may hinder charge delocalization and reduce electrical 
conductivity.

4. Conclusions

Using the Schiff-base condensation route [4 + 2], two CMPs, TPBZ- 
BTh and TPBZ-TTh, were successfully synthesized. The electrochemical 
performances of both TPBZ-BTh and TPBZ-TTh CMPs were systemati
cally evaluated through GCD and CV measurements. Among the two 
TPBZ-CMPs, TPBZ-TTh CMP exhibited markedly superior electro
chemical behavior, attaining an explicit capacitance of 536 F g− 1 

compared to 358 F g− 1 for TPBZ-BTh CMP at a 1 A g− 1. To assess their 
practical potential, symmetric supercapacitor devices were assembled 
using each material as an active electrode. The TPBZ-TTh CMP-based 
symmetric device conveyed a remarkable capacitance of 207 F g− 1, 
outperforming the TPBZ-BTh CMP, which reached 176.4 F g− 1 at the 
same current density. Both CMPs demonstrated remarkable cycling 
stability, maintaining 92.1% (TPBZ-TTh CMP) and 96.2% (TPBZ-BTh 
CMP) of their initial capacitance after 4000 charge–discharge cycles. 
Overall, this study highlights a molecular-level design strategy for 
tailoring the electronic architecture of thiophene-based CMPs to achieve 
high-performance supercapacitor energy storage.
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