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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The redox-active TTh-Ph-PyTE CMP was 
synthesized via the Suzuki reaction.

• The TTh-Ph-PyTE CMP electrode 
reached a capacitance of 1041 F g⁻1 at 1 
A g⁻1.

• The capacitance of TTh-Ph-PyTE CMP in 
a symmetric device was 242 F g⁻1 at 1 A 
g− 1.
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A B S T R A C T

Conventional supercapacitor electrodes typically suffer from drawbacks such as low energy density, short cycle 
life, and poor conductivity. In contrast, conjugated microporous polymers (CMPs) present a more advantageous 
option, providing higher surface area, greater cycle stability, and enhanced electrical properties. Utilizing 
pyrene-4,5,9,10-tetraone (PyTE) as a key redox-active component, we successfully prepare pyrene-4,5,9,10- 
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Conjugated microporous polymers
High specific capacitance

tetraone-thiophene polymer (PyTE-Th Polymer) and Thienyltriazine-pyrene-4,5,9,10-tetraone conjugated 
microporous polymer (TTh-Ph-PyTE CMP). This particular set of materials has been tailored for supercapacitor 
applications, employing a nitrogen-rich triazine, conductive thiophene (Th), and redox-active pyrene-4,5,9,10- 
tetraone (PyTE), a creation through simple Suzuki coupling conditions. PyTE-Th Polymer and TTh-Ph-PyTE CMP 
exhibit comparable BET surface areas and demonstrate good thermal stability, with char yields exceeding 62 wt 
% for each material. Electrochemical measurements reveal that TTh-Ph-PyTE CMP, featuring a triazine group 
with abundant heteroatoms, exhibited exceptional cycle stability of 90 % after 5000 cycles at 10 A g− 1 and a 
specific capacitance of 1041 F g− 1 (1 A g− 1). Notably, TTh-Ph-PyTE CMP portrays the maximum specific 
capacitance at 1 A g− 1 compared to PyTE-Th polymer (486 F g− 1) and other porous materials, suggesting a 
synergistic effect of redox-active units and abundant heteroatoms.

1. Introduction

Urgent energy and environmental crises, including the depletion of 
fossil fuels, pollution, and climate change, are ringing alarm bells 
worldwide. Consequently, there is a pressing need for renewable energy 
storage and conversion materials, along with their associated devices [1,
2]. To address these challenges, energy can be stored for electric vehicles 
using storage systems that facilitate the utilization of both conventional 
and renewable energy sources, such as solar, water, wind, and waste 
energy [3–7]. Additionally, energy storage systems need to meet the 
criteria of being environmentally sustainable, cost-effective, and 
high-performing, largely due to the intermittent nature of many 
renewable energy sources [1]. Lithium-ion batteries (LIBs) and super
capacitors (SCs) stand out as key energy storage technologies [8–10]. 
LIBs and SCs have gotten a lot of scrutiny as energy storage mechanisms 
thanks to their high energy and power densities [11]. Particularly, SCs 
are highly sought-after for their ability to provide high power outputs 
alongside suitable energy densities. Their extended cycle life and rapid 
charging capabilities make them valuable complements to batteries. 
Redox-active material-based supercapacitors (SCs) present significantly 
enhanced specific capacitance and energy density compared to electric 
double-layer capacitors (EDLCs). They not only accumulate charge at 
the electrical double layer but also offer pseudocapacitance generated 
by the reversible redox processes of electrode materials [11–13]. The 
overall mechanism governing the preservation of electrode materials in 
LIBs involves three main components: (i) the faradaic involvement 
gained from the Li-ion installation pathway (pseudo capacitance), (ii) 
the faradaic component caused by the charge-transfer activity involving 
atoms on the outside (pseudo capacitance), and (iii) the non-faradic 
aspect of the double layer effect (double layer capacitance). The 
former mechanism is typically associated with batteries, while the latter 
two mechanisms are employed in electrode materials for super
capacitors (SCs) [14–16].

The efficacy of SCs is heavily influenced by the electrode materials 
used [17]. A great deal of research has been put into acquiring envi
ronmentally friendly and affordably priced electrode materials for SCs 
[11]. Conjugated microporous polymers (CMPs) pose appealing archi
tectures in electrochemical devices used for energy preservation and 
transmission, including (i) a highly accurate and flexible structure en
sures sound planning and building of active sites at the atomic level and 
favors electrochemical phenomena and electrolytic responses at elec
trodes, (ii) open channels and extensive porousness may aid electrolyte 
permeation, conveyance of mass, and mobility of charges, increasing the 
permeability of a conduit may diminish hydraulic stress/strain caused 
by electrochemical processes, (iii) guest molecules or conductive 
transporters are sometimes used for enhanced electrochemical function 
or electricity transfer, (iv) the π-conjugated geometry supports effective 
charge decentralization, (v) the substantial intrinsic surface area safe
guards acceptable permeable contacts connecting the electrolyte and 
electrode, as well as a wealth of active sites, hence strengthening elec
trocatalytic activity and kinetics [18].

Various materials, including carbon-based materials [19–21], metal 
oxides [22,23], conductive polymers [24,25], and their composites, 
have been extensively explored for electrode fabrication [26,27]. Within 

these, conductive polymers have sparked increasing scrutiny owing to 
their unique conjugated structures, excellent electrical conductivity, 
mechanical flexibility, and customizable physical properties [28]. 
Nevertheless, conventional conductive polymers, especially those with 
1D and 2D structures, frequently encounter challenges such as low 
specific surface areas, pronounced pore dispersion, significant restack
ing, and aggregation issues. These limitations restrict ion transport, 
resulting in inadequate cycle life and suboptimal charge-discharge rates 
[29]. To overcome these limitations and achieve optimal capacitance 
performance, novel porous conductive polymers are being developed. 
Porous organic polymers, with their large specific surface areas, cus
tomizable pore topologies, fast ion diffusion capabilities, and tunable 
chemical activity, have emerged as promising candidates for energy 
storage materials. However, their low electrical conductivity has hin
dered their practical use in SCs [30–32]. Strategies such as composite 
formation [33] or carbonization [34] of porous organic polymers have 
been employed to enhance their specific capacitance. Unfortunately, 
these approaches often result in a significant reduction in the inherent 
benefits of porous organic polymers, limiting their potential applica
tions. Therefore, there is a strong demand for developing and synthe
sizing conductive porous organic polymers tailored for supercapacitor 
applications. Three-dimensional conductive porous networks offer more 
open channels for efficient ionic transport while overcoming the limi
tations of low-dimensional conductive polymer materials.

Thiophene (Th), a five-membered heterocyclic molecule with one 
sulfur atom and four carbon atoms, is a noteworthy conductive unit that 
is frequently used as a building block in linear conjugated polymers. 
Injecting thiophene functionalities within the CMP lattice boosts the 
product’s applicability for supercapacitor electrodes, which has various 
benefits. Firstly, the total electrical conductivity of CMP was impacted 
by the positive electron-rich π-conjugation of thiophene. Adequate 
electron movement across the electrode material is rendered practicable 
by this, which minimizes internal resistance and encourages quick 
charge and discharge. As a result, SCs using CMPs modified with thio
phene as electrodes have improved power densities, which makes them 
particularly attractive for applications requiring rapid energy transfer. 
Further, the thiophene structure’s sulfur atoms promote redox reactions, 
which enable the material to go through reversible faradaic processes 
while being stored in charge [35]. Moreover, SCs based on redox-active 
materials convey far greater specific capacitance and energy density 
than EDLCs. Additionally, they generate pseudocapacitance employing 
the electrode materials’ reversible redox processes [36]. When con
trasted with conventional inorganic electrodes such as carbons and 
metal oxides, redox-active polymers excel in terms of their remarkable 
mechanical flexibility and straightforward processing [37]. These 
polymers boast diverse active functionalities comprising lightweight 
and cost-effective elements like C, O, N, and S in their molecular com
positions, facilitating redox processes for pseudocapacitance augmen
tation [38]. This advantage becomes particularly evident when 
comparing them to carbon electrode materials, which often have limited 
active sites. Consequently, redox polymers offer significantly greater 
capacitance than carbon-based compounds. One such nitrogen-rich 
compound, triazine units has been produced to serve as supercapacitor 
electrode materials. Furthermore, triazine units containing nitrogen 
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atoms can form redox-active sites in CMPs. To enhance the conductivity 
and supercapacitance of CMP-based electrodes, CMPs, and conductive 
moiety have been combined or composited to serve as supercapacitor 
electrode materials [39].

The PyTE molecule is also a prevalent organic molecule featuring 
carbonyl groups. It exhibits a symmetrical conjugated structure and four 
carbonyl functional groups, which can ensure electrochemical stability 
amid redox processes and translate to an excellent specific capacity [40]. 
Based on the information above and to understand the effect of the 
presence of thienyltriazine unit in organic electrode materials for energy 
storage. Utilizing Suzuki coupling processes, we successfully synthesized 
PyTE-Th polymer lacking thienyltriazine group and TTh-Ph-PyTE CMP 
materials with thiophene and thienyltriazine units, leveraging the PyTE 
unit as the primary redox-active component for both materials. Mixing 
2,5-Th-2B(OH)2 with brominated PyTE yielded PyTE-Th polymer, 
appearing as a black solid. Subsequently, combining 1,4-Ph-2B(OH)2 
and TTh-Br3 with brominated PyTE resulted in the creation of 
TTh-Ph-PyTE CMP, tailored specifically for supercapacitor applications. 
In electrochemical assessments, TTh-Ph-PyTE CMP, distinguished by a 
triazine group rich in heteroatoms, exhibited remarkable cycle stability. 
Maintaining 90 % of its capacity at 10 A g− 1 after 5000 cycles, it 
amounted to a capacitance of 1041 F g− 1 at 1 A g− 1. Additionally, a 
symmetric supercapacitor configuration disclosed a tremendous specific 
capacitance of 242 F g− 1 at 1 A g− 1, retaining 93 % of its capacity after 
5000 cycles. The present article delves into the incorporation of thio
phene’s conductive nature with nitrogen-rich triazine and redox-active 
pyrene-4,5,9,10-tetraone, which is produced as TTh-Ph-PyTE CMP, 
proved worthwhile in obtaining SCs with large capacities and good cy
clic stability.

2. Experimental section

2.1. Materials

Potassium carbonate (K2CO3), sodium bicarbonate (NaHCO3), 
ammonum hydroxide (NH4OH), sulfuric acid (H2SO4), tri
fluoromethanesulfonic acid (TfOH), palladium tetrakis(triphenylphos
phine) [Pd(PPh3)4], N-bromosuccinimide (NBS), 2,5- 
thiophenediylbisboronic acid (2,5-Th-2B(OH)2), 1,4-phenylenedibor
onic acid (1,4-Ph-2B(OH)2) and thiophene-2-carbonitrile (Th-2CN) 
were among the commercially acquired materials from Sigma-Aldrich. 
The supporting information file included the preparation procedures 
for synthesizing TTh and PyTE, along with their respective FTIR and 
NMR analyses [Scheme S1(a) and Figs. S1, S2, S3, S6, S7, and S8].

2.2. Synthesis of 2,4,6-tris(5-bromothiophen-2-yl)-1,3,5-triazine (TTh- 
Br3)

An excess amount of N-bromosuccinimide (NBS) (714 mg, 4 mmol) 
was dropped into a swirling solution of TTh (327 mg, 1 mmol) in dry 
CHCl3 (15 mL). The resultant system was agitated for 24 h at room 
temperature, and then liquid bromine (640 mg, 4 mmol) was drop-by- 
drop introduced into the mixture. After stirring for another 24 h, the 
entirety was flushed with a saturated solution of NaHCO3, and the 
organic portion was aired over anhydrous sodium sulfate (Na2SO4) and 
concentrated under reduced pressure. Afterward, the base product was 
purified using ethanol and CHCl3 to afford a white solid (508 mg, Yield: 
90 %, Scheme S1(b)). FTIR: 1507 and 1370 cm− 1 (triazine unit). 1H 
NMR (Fig. S4): 7.94 and 7.16 ppm (Th rings). 13C NMR (Fig. S5): 167.52 
(triazine moiety), 143-117 ppm.

2.3. Synthesis of PyTE-Br2

PyTE (4 g, 15.2 mmol) was transferred to a chilled Schlenk flask, 
followed by 100 mL of concentrated H2SO4, and NBS (6 g, 34 mmol) was 
placed in the flask, and the resulting mixture was stirred for 5 h at 50 ◦C. 

PyTE-Br2 was isolated as a yellow solid by extracting the resultant 
powder by purification in DMSO and cleaning with DCM and ether 
(1.26 g, 68 %, Scheme S2). FTIR (cm− 1, Fig. S9): 3070, 1680 (C=O). 1H 
NMR (DMSO-d6, 500 MHz, Fig. S10): δ = 8.4 (4H). 13C NMR data of 
PyTE-Br2 is not furnished as it is not very soluble in DMSO-d6, and 13C 
NMR data of PyTE-Br2 is not provided.

2.4. Synthesis of PyTE-Th polymer

In the Schlenk flask, PyTE-Br2 (0.5 g, 1.2 mmol), 2,5-Th-2B(OH)2 
(0.2 g, 1.2 mmol), K2CO3 (1 g, 6 mmol), and Pd (PPh3)4 (69 mg), DMF 
(24 mL), and water (6 mL) were used for polymerization to afford PyTE- 
Th Polymer as a black powder [0.3 g, 60 %]. Mn = 3500 g/mol.

2.5. Synthesis of TTh-Ph-PyTE CMP

In the Schlenk flask, TTh-Br3 (0.25 g, 0.44 mmol), 1,4-Ph-2B(OH)2 
(0.11 g, 0.66 mmol), PyTE-Br2 (0.28 g, 0.66 mmol), K2CO3 (1 g, 6 
mmol), and Pd (PPh3)4 (69 mg), DMF (24 mL), and water (6 mL) were 
used for polymerization to afford TTh-Ph-PyTE CMP as a brown solid 
[0.13 g, 52 %].

3. Results and discussion

Scheme S1(a) depicts the initial synthesis of TTh through the utili
zation of TfOH within a nitrogen atmosphere. Additionally, Scheme S1 
(b) outlines the production process of TTh-Br3, a tribromo derivative of 
TTh, which was synthesized for seven days at 25 ◦C in the presence of a 
mixture of NBS/Br2 as a bromination reagent in the CHCl3. As illustrated 
in Scheme S2, the PyTE [41] underwent a reaction with a NBS in the 
solution of concentrated H2SO4, yielding PyTE-Br2 as a yellow solid with 
high yield and purity. The spectroscopic data of TTh, TTh-Br3, PyTE, and 
PyTE-Br2 are shown in Figs. S1–S10. In this study, PyTE-Th Polymer, 
appearing as a black solid, and TTh-Ph-PyTE CMP, presented as a yellow 
powder, were synthesized via Suzuki coupling reactions. Specifically, 2, 
5-Th-2B(OH)2/brominated PyTE and brominated PyTE/TTh-Br3/1, 
4-Ph-2B(OH)2 were reacted in a mixture of DMF/H2O when Pd serves as 
a catalyst, as illustrated in Fig. 1(a). The FTIR spectrum of PyTE-Th 
Polymer (Fig. S11) reveals several characteristic absorption bands. 
The band at 1256 cm− 1 coincides with the C-H stretching in the thio
phene ring, while the band at 1396 cm− 1 is credited to C=C’s stretched 
peak. Additionally, the C-S symmetric and asymmetric stretching vi
brations are recognized by two bands, which are spotted at 1033 cm− 1 

and 696 cm− 1, respectively. The peak at 1664 cm− 1 represents the C=O 
functional group for the PyTE unit. In the event of TTh-Ph-PyTE CMP, 
the absorption maxima developed around 797 cm− 1 corresponds to the 
Cβ-H out-of-plane bending vibration of thiophene moiety. Additionally, 
the peak at 1044 cm− 1 represents the in-plane bending vibration of Cβ-H 
in triazine and thiophene groups. The skeletal vibration of C=C and C=N 
in aromatic compounds is responsible for four distinctive peaks observed 
at approximately 1365–1606 cm− 1, indicating the.

Abundance of aromatic compounds [42,43]. Furthermore, the peak 
at 1684 cm− 1 could be traced to C=O groups for PyTE moieties in the 
TTh-Ph-PyTE CMP framework. In both solid-state 13C NMR spectra 
(Fig. 1(b)), the signals corresponding to carbon are observed around 
178.64 ppm for both PyTE-Th Polymer and TTh-Ph-PyTE CMP, attrib
uted to the existence of the C=O group. Additionally, peaks in the range 
of 141.3–129.70 ppm and 150.74–126.83 ppm for PyTE-Th Polymer and 
TTh-Ph-PyTE CMP, respectively, indicate the aromatic rings in their 
skeletal structures. The thermal stability of both PyTE-Th Polymer and 
TTh-Ph-PyTE CMP was evaluated through thermogravimetric analysis 
(TGA), noting the temperatures of 5% and 10% weight loss (Td5 and 
Td10) and the char yield data (Fig. 1(c)). PyTE-Th Polymer exhibited Td5, 
Td10, and char yield values of 257 ◦C, 332 ◦C, and 61 wt%, respectively. 
In contrast, TTh-Ph-PyTE CMP displayed superior thermal resistance 
and higher char yield, with Td5, Td10, and char yield amounts of 445 ◦C, 
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620 ◦C, and 67 wt%, respectively. Table S1 offers an overview of the Td5, 
Td10, and char yield numbers for the synthesized materials. These find
ings demonstrate that the thermal resilience of TTh-Ph-PyTE CMP 
improved with the incorporation of thienyltriazine and Py-ET moieties. 
Powder X-ray diffraction (PXRD) analysis showed that PyTE-Th Polymer 
and TTh-Ph-PyTE CMP had an amorphous state [Fig. 1(d) and Fig. S12]. 
Fig. S13 illustrates the water contact angle (WCA) of PyTE-Th Polymer 
and TTh-Ph-PyTE CMP. Despite both synthesized compounds exhibiting 
contact angles of less than 90◦, indicating a hydrophilic nature in 1 M 
KOH electrolyte, the TTh-Ph-PyTE CMP thin film demonstrates greater 
hydrophilicity, with a contact angle of 23.2◦, whereas the PyTE-Th 
Polymer exhibits a higher contact angle of 38.8◦. XPS measurements 
were made as presented in Fig. 2(a–h). Three distinguishing elements C, 
O, N, and S can be spotted in PyTE-Th Polymer and TTh-Ph-PyTE CMP 
based on the XPS peak regions of the binding energies shown by their 
respective survey data [Fig. 2(a) and (d)]. According to Fig. 2(b), the 
peaks in the C1s spectra at 283.67, 285.09, 286.02, and 286.86 eV align 
with the C=C, C-C, C–S, and C=O atoms, respectively, in the PyTE-Th 
Polymer. The C=O atom on the PyTE unit is depicted by the peak 
with a binding energy of 531.17 eV [Fig. 2(c)]. The XPS high-resolution 
spectroscopy of TTh-Ph-PyTE CMP is displayed in Fig. 2(d). The distinct 
peaks of C1s [Fig. 2(e)] at 286.70 eV, 285.74 eV, 285.51 eV, 285.11 eV, 
and 283.82 eV are associated with, respectively, C=O atoms in PyTE 
unit, the sp2 C–N in triazine groups, the sp2 C–S in thiophene rings, the 
C-C atoms, and the sp2 C=C in thiophene rings. The sp2 C–S in thiophene 

rings is indicated by the splitting peaks of S2p, which include S2p1/2 and 
S2p3/2, about 164.15 and 163.06 eV respectively [Fig. 2(f)] [44], The 
peak with a binding energy of 531.70 eV on the PyTE unit represents the 
C=O atom similar to the PyTE-Th Polymer [Fig. 2(g)]. While the N1s 
peak signifies the N atom in the triazine unit at 397.53 eV [Fig. 2(h)] 
[42]. Also, the wide area under the peak for the C=O and the intensive 
S2p peaks in the TTh-Ph-PyTE CMP in comparison to the PyTE-Th 
Polymer helps us to judge that the TTh-Ph-PyTE CMP unit indeed has 
more C=O and S active sites. All of the aforementioned findings 
demonstrated that the Suzuki coupling polymerization procedure may 
be used to effectively construct PyTE-Th Polymer and TTh-Ph-PyTE 
CMP.

The pore structure analysis of TTh-Ph-PyTE CMP in this study was 
conducted using the Brunauer-Emmett-Teller (BET) model during ni
trogen isotherm adsorption-desorption at 77.3 K. As depicted in Fig. 3
(a), the adsorption-desorption curves reveal a type II isotherm. TTh-Ph- 
PyTE CMP exhibited a specific surface area of 55 m2 g− 1.

Additionally, the overall pore volume and variations in pore size of 
TTh-Ph-PyTE CMP were calculated using nonlocal density functional 
theory (NLDFT), which were discovered to be 2.06 nm and 2.68 nm 
[Fig. 3(b)] and 0.15 cm3 g− 1, respectively. SEM studies revealed that 
PyTE-Th Polymer formed aggregated clusters of nanospheres (Fig. 3(c) 
and (d)), while TTh-Ph-PyTE CMP exhibited hairy-surfaced urchin-like 
spheres (Fig. 3(e) and (f)). Implementing energy dispersive spectroscopy 
(EDS), elemental mapping disclosed the availability of carbon (C), 

Fig. 1. (a) Preparation of PyTE-Th Polymer and TTh-Ph-PyTE CMP. (b) Solid-state 13C CP/MAS NMR and (c) TGA of PyTE-Th Polymer and TTh-Ph-PyTE CMP and 
(d) XRD profile of TTh-Ph-PyTE CMP.
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Fig. 2. (a, d) XPS survey and (b, c, e, f, g, h) XPS fitting data of (a–c) PyTE-Th Polymer and (d–h) TTh-Ph-PyTE CMP.

Fig. 3. (a) BET and (b) pore size profiles of TTh-Ph-PyTE CMP. (c–f) SEM images of PyTE-Th Polymer (c, d) and (e, f) TTh-Ph-PyTE CMP. SEM-EDS mapping for C (g), 
O (h), (N (i), and S (j) elements in the TTh-Ph-PyTE CMP framework. (k, l) TEM images of PyTE-Th Polymer (k) and TTh-Ph-PyTE CMP (l).
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oxygen (O), sulfur (S), and nitrogen (N) atoms in all regions of the TTh- 
Ph-PyTE CMP (Fig. 3(g-j)). The HR-TEM images depicted in Fig. 3(k) and 
(l) further indicated that both PyTE-Th Polymer and TTh-Ph-PyTE CMP 
are porous and lack long-range ordering. Moreover, a small black dot 
observed in the TEM image of TTh-Ph-PyTE CMP [Fig. 3(l)] corresponds 
to the presence of Pd particles in the material.

3.1. Electrochemical performance of PyTE-Th polymer and TTh-Ph-PyTE 
CMP in three-electrodes system

The electrochemical performance of engineered materials, PyTE-Th 
Polymer and TTh-Ph-PyTE CMP was evaluated in a 1M KOH aqueous 
solution using cyclic voltammetry (CV) and galvanostatic charge- 
discharge (GCD) profiles. A three-electrode arrangement namely, 
glassy carbon, Hg/HgO, and platinum wire was employed, with the 
working, reference, and counter electrodes, respectively. Fig. 4(a) and 
(b) illustrate the CV curves of both the synthesized PyTE-Th Polymer and 
TTh-Ph-PyTE CMP across several different scan rates (5–200 mV s− 1) 
within a potential range of − 1.0 to 0.0 V. The CV curves had a peculiar 
quasi-rectangular form with a humped portion that denoted capacitance 
from dependable current sweeps and electric double-layer capacitors 
(EDLC). Both redox and EDLC processes have an impact on the super
capacitor’s capacity for storing. Two pairs of redox peaks relative to Hg/ 
HgO were seen in the CVs of PyTE-Th Polymer and TTh-Ph-PyTE CMP. 
This illustrates how important redox reactions are to the behavior of the 
material. An electrode’s overall capacitance can be divided into its 
component portions. One is the speedy faradaic reaction of oxidation 

and reduction entities and a swift electrochemical process that entails 
ion adsorption and desorption. The remainder is regulated by the 
dispersal of ions in the electrolyte and electrode content. A CV profile of 
both PyTE-Th Polymer and TTh-Ph-PyTE CMP can also be used to 
illustrate the kinetics of the material’s energy storage mechanism. 
Additionally, at multiple current density levels that cover from 1 to 15 A 
g− 1, the compounds’ capacitance and charge/discharge curves were 
examined [Fig. 4(c) and (d)]. The EDLC and pseudo-capacitive proper
ties of the GCD curves were shown by their triangular form and mild 
bend. For each compound, the discharge time was greater periods than 
the charge time, which suggested greater capacitance. Low scan rates led 
to higher capacitance, considering that the electrolyte’s ions may reach 
the majority of the charged components’ active sites. On the other hand, 
lesser capacitance was produced by greater scan rates since they accel
erated the electrolyte’s access to the electroactive components [44].

The specific capacitance of PyTE-Th Polymer and TTh-Ph-PyTE CMP 
at 1 A g− 1 were 468 and 1041 F g− 1, respectively (Fig. 5(a)). With a 
specific capacitance of 600 F g− 1 for TTh-Ph-PyTE CMP versus 100 F g− 1 

for PyTE-Th Polymer at a high current density of 15 A g− 1, TTh-Ph-PyTE 
CMP demonstrated a specific capacitance that was six times greater than 
that of the PyTE-Th Polymer, despite a surge in current density. The 
specific capacitance of both compounds rapidly dropped as the current 
density rose. Due to the fact the electrolyte ions weren’t given the op
portunity for transit into the pores at higher current densities, charge 
storage took place primarily on the outside active surface [45]. These 
compounds’ performance during 5000 charge/discharge cycles at a high 
scan rate density of 10 A g− 1 revealed their long-term stability for 

Fig. 4. (a, b) CV and (c, d) GCD profiles of PyTE-Th Polymer (a, c), and TTh-Ph-PyTE CMP (b, d).
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electrochemical energy storage applications. As proven in Fig. 5(b), 
5000 charge/discharge cycles at an elevated scan rate density of 10 A 
g− 1 were performed to assess the electrode materials’ long-term dura
bility. For TTh-Ph-PyTE CMP, 93.5 %, and 73.86 % for PyTE-Th poly
mer, the capacity retention throughout these cycles was calculated. 
According to Figs. S14 and S15, the Coulombic efficiency for the 
PyTE-Th polymer and TTh-Ph-PyTE CMP in three-electrode SCs was 
determined to be 99.7 % and 100 %, respectively. As shown in Fig. S16, 
after 5000 cycles, the PyTE-Th polymer and TTh-Ph-PyTE CMP exhibit 
aggregated formations of nanospheres and nanorods structures; 
respectively. Furthermore, using the Ragone plot in Fig. 5(c), it was 
possible to calculate the materials’ energy densities. With energy density 
values of 144.55 Wh kg− 1 and 65.03 W kg− 1, respectively, the 
TTh-Ph-PyTE CMP endured more than double the energy density of 

PyTE-Th Polymer. The TTh-Ph-PyTE material, featuring redox-active 
PyTE units, electron-rich phenyl rings, and incorporating nitrogen het
eroatoms within the triazine moiety, displayed exceptional cycle sta
bility attributed to the heightened conductivity facilitated by the 
nitrogen heteroatom present within the material [46]. The combination 
of the TTh and PyTE components forms the foundation for the redox 
mechanism observed in the TTh-Ph-PyTE CMP, as depicted in Fig. 5
(d–f). In this mechanism, two electrons are reduced into the TTh2− anion 
[75] [Fig. 5(d)], while four electrons are reduced into the PyTE4− anion 
in the redox reaction mechanism of PyTE [47] [Fig. 5(e)]. The resulting 
TTh-Ph-PyTE CMP exhibits significant redox characteristics. As illus
trated in [Fig. 5(f)], the structures of the TTh-Ph-PyTE CMP undergo 
reduction throughout the discharge process, while the TTh2− and 
PyTE4− anions undergo oxidation across the entire charge state.

Fig. 5. Specific capacitance (a), durability (b), Ragone (c) profiles of PyTE-Th Polymer and TTh-Ph-PyTE CMP. (d–f) Suggested redox reactions of (d) TTh, (e) PyTE, 
and (f) TTh-Ph-PyTE CMP.
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For more study, Cottrell’s equation (I α ν0.5) which shows the linear 
relation between redox peaks current density (I) with the square root of 
potential scan rate (ν0.5) of PyTE-Th Polymer and TTh-Ph-PyTE CMP 
electrodes [Fig. 6(a) and (b)] [48,49], verifying that surface-bound 
pseudocapacitance and electric double-layer capacitance are always 
included in the cathodic/anionic peaks [50]. Sankar and Selvan used the 
approach to determine the ratios of surface-controlled capacitive and 
non-surface-controlled diffusion ratios to the PyTE-Th Polymer and 
TTh-Ph-PyTE CMP electrode’s overall charge storage. Both the PyTE-Th 
Polymer and TTh-Ph-PyTE CMP electrode charge storage mechanisms 
could be investigated by the Trasatti method [51]. This technique de
termines the relative contribution of surface-controlled capacitive and 
non-surface-controlled diffusion to the total charge stored (Qtotal) in a 
given material. The equation that follows was used to determine the 
value of the outer charge (Qouter), which emerges when a potential scan 
rate reaches its maximum value, which is mostly a surface process as 
indicated in Fig. 6(c) and (e). 

Q=Qouter + Kv0.5 

When K is a constant, v (mV s− 1) communicates the potential sweep 
rate, and Q shows the capacity (C g− 1) derived from each CV at the 
equivalent potential sweep rate. The value of (Qouter) can be computed 
using the intercept of the Q vs. ν− 0.5plot. Furthermore, the longer 
dissemination of ions is allowed to occur at the lower the scan rate. The 
total charge (Qtotal) in this case is represented by the stored charges. This 

can be obtained using the following equation, which is derived from the 
plotted intercept between (1/Q) and (ν0.5), as shown in Fig. 6(d) and (f)
for the PyTE-Th Polymer and TTh-Ph-PyTE CMP, respectively. 

1
Q
=

1
Qtotal

+ Kv0.5 

Because of the foregoing, the outer charge and total charge of the 
PyTE-Th Polymer and TTh-Ph-PyTE CMP electrodes are 14.3 and 25.7 C 
g− 1, and 403 and 303 C g− 1, respectively. Consequently, diffusion- 
controlled faradaic PyTE-Th Polymer yields 85.3 %, while TTh-Ph- 
PyTE CMP yields 48.6 %. The proportion of surface and diffusion- 
controlled inputs at various possible scan rates are shown in Fig. 6(g) 
and (h).

Our TTh-Ph-PyTE CMP, as depicted in Fig. S17(a) and Table S2, 
demonstrated the greatest specific capacitance compared to alternative 
electrode precursors. The ion diffusion process was also utilized to 
investigate the electric resistance provided by various electrodes using 
electrochemical impedance spectroscopy. The distinct Nyquist plots are 
shown in Fig. S17(b) to compare various characteristics, including 
charge transfer and series, from the electrodes. The electrode/electro
lyte/current collector supercapacitor system’s primary resistive attri
bute is represented by a relatively tiny semicircle in the high-frequency 
band. On the Z′ axis, the resistivity (Rs) of the solution at the interface 
between the electrode and current collector is displayed at the left 
intercept of the semicircle line, and the internal resistance (Rp) of the 
electrode is displayed at the right intercept of the semicircle line. The 

Fig. 6. The relation between peak current density and the square root of potential scan rate (a) PyTE-Th Polymer and (b) TTh-Ph-PyTE CMP. (c, e) Relation between 
Q (C g− 1) and v − 0.5 (mV s− 1)- 0.5, (d, f) 1/Q vs. v0.5, and (g, h) Percentage of surface contribution and diffusion-contribution for (c, d, g) PyTE-Th Polymer and (e, f, h) 
TTh-Ph-PyTE CMP.
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semicircle’s diameter (Rp-Rs) and the ESR value are the same. The 
stronger capacitive conduct as the outcome of electrical and ionic charge 
creation of the electrochemical double-layer structure across the exte
riors of micropores is shown by the sharply increasing horizontal lines in 
the low-frequency region, where ions may more easily enter the mi
cropores. For TTh-Ph-PyTE CMP and PyTE-Th Polymer, the starting 
series resistance also referred to as the ohmic resistance values, are 0.80 
and 4.27 Ω, while after 5000 cycles, they were found to be 0.86 and 4.75 
Ω respectively. In addition to being shorter than PyTE-Th polymer’s 
straight line, TTh-Ph-PyTE CMP’s slopes away from the vertical Z″ axis, 
suggesting a greater Warburg length/resistance. In the case of TTh-Ph- 
PyTE CMP, the thiophene content surpasses that of the synthesized 
PyTE-Th Polymer. Moreover, the porous structure of the TTh-Ph-PyTE 
CMP facilitates smooth charge flow within the material’s bulk, result
ing in reduced ohmic resistance. Nyquist plots depict the real and 
imaginary parts of impedance (Z(w)) on the X and Y axes respectively. 
These plots reveal distinct features: a 45◦ linear segment at moderate 
frequencies denoting molecular diffusion (the Warburg region), semi
circles at high frequencies indicating faradaic redox reactions or elec
tronic conduction of electrodes, and a 90◦ linear segment at low 
frequencies signifying the formation of a double layer on the electrode 
surface. Examination of the EIS [Fig. S18] of TTh-Ph-PyTE CMP at 
various voltages ranging from − 1 to 0 V demonstrates a tail on the plot 
increasingly angled towards the y-axis as voltage sweeps from − 1 to 0. 
This inclination suggests heightened molecular diffusion at higher 
voltages, underscoring the effectiveness of our synthesized TTh-Ph-PyTE 
CMP under such conditions. Fig. S19 shows a graph between sheet 

resistance and resistance. The resistance along with sheet resistance, 
sheet resistance, conductivity of TTh-Ph-PyTE CMP (2.6 x 103 Ω/sq) is 
less than PyTE-Th Polymer (2.27 x103 Ω/sq). The conductivity value of 
TTH-Ph-PyTE CMP (3.85 x 102 Siemen/cm) is higher than TTH-Ph-PyTE 
CMP (4.40 x 101 Siemen/cm).

3.2. Constructing a symmetric supercapacitor coin cell for TTh-Ph-PyTE 
CMP

Apart from evaluating the three-electrode performance of these 
developed products, we also constructed symmetric coin cell super
capacitors as an aspect of our research on the real utilization of TTh-Ph- 
PyTE CMP. The coin cell was constructed using the CR2032 coin cell, 
which has an anode and cathode, a separator, a bottom and top cover, 
and an electrolyte. With TTh-Ph-PyTE CMP serving as the cathode and 
anode, we constructed a symmetric supercapacitor. The suspension 
originated by applying the proportion specified by the manuscript and 
then pouring over carbon paper. An aqueous 1.0 M KOH electrolyte was 
used with a Selemion AMV membrane. Every electrochemical experi
ment was carried out across multiple scan rates, differing from 5 to 200 
mV s− 1, and between potentials of − 0.3 and 0.2 V. Fig. 7(a) sets forth the 
CV analysis of symmetric coin cells for supercapacitor computed at scan 
speeds of 5–200 mV s− 1. These CV curves have an entirely rectangular 
form due to the integrated action of the electric double-layer capacitor 
(EDLC) and the pseudocapacitive concerning the electrode substance. 
The increased durability and the rate of these electrode materials were 
made apparent with an upsurge in current density once we lifted the 

Fig. 7. CV (a), GCD (b), specific capacitance (c), Ragone (d) profiles for symmetric supercapacitor coin cell of TTh-Ph-PyTE CMP.
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scan speeds from 5 to 200 mV s− 1. Furthermore, we assessed the TTh-Ph- 
PyTE CMP electrodes’ performance using GCD tests, that were con
ducted at current densities varying from 1 to 15 A g− 1 (Fig. 7(b)). The 
GCD curves featured triangle shapes with a little bend that alluded to 
EDLC characteristics and pseudo capacity. This curve’s discharge time is 
typically connected with the specific capacitance. For a current density 
of 1 A g− 1, the TTh-Ph-PyTE CMP electrode [Fig. 7(c)] conveyed a 
formidable specific capacitance of 242 F g− 1 at 1 A g− 1, with retention 
rates of 93 % following 5000 cycles (set at 10 A g− 1) [Fig. S20]. The 
coulombic efficiency of the symmetric device using TTh-Ph-PyTE CMP 
was found to be 100 %. [Fig. S21]. The comparison of the capacitance 
has been included in the supporting information (Table S3) which shows 
that the produced symmetric device outshines some of the reported 
materials. Including heteroatoms, which promote capacity retention and 
enhance the link between the electrode and electrolyte, is responsible 
for this improved durability. In terms of energy densities, we discovered 
that, as Fig. 7(d) illustrates the TTh-Ph-PyTE CMP had an energy density 
of 35 W h kg− 1 at a power density of 7540 W kg− 1, which is compara
tively higher than some of the alternative materials (Table S3).

Meanwhile, the ion diffusion process served to investigate the elec
tric resistance stipulated by various electrodes via electrochemical 
impedance spectroscopy. In Fig. 8, several Nyquist plots are shown 
alongside similar fitted circuits to compare multiple features that 
involve charge transfer and series from the electrodes. The equivalent 
series resistance, charge transfer resistance, constant phase elements 
(which reflect the pseudocapacitive and EDLC behaviors), and Warburg 
element are embodied by the symbols Rs, Rct, CPE-P, CPE-EDL, and Zw in 
the fitted circuit, respectively. Table S4 discloses that the electrode’s 
initial series resistance, sometimes referred to as its Ohmic resistance 
value, was 3.93 Ω. Furthermore, TTh-Ph-PyTE CMP has Rct value of 12.8 
Ω. In addition, the Bode plot of the frequency-dependent amplitude is 
visible in Fig. S22(a). The results show tiny resistances at high fre
quencies and slant lines with a negative slope at low frequencies, indi
cating the electrode materials’ exceptional capacitive properties. 
Conversely, the frequency-dependent phase angle graphs of multiple 
electrodes are displayed in Fig. S22(b). Based on this illustration, the 
knee frequencies were assessed at a phase angle of − 45◦, the moment 
whereby the electrodes’ capacitive and resistive qualities are equivalent. 
TTh-Ph-PyTE CMP’s knee frequencies were 16.76 Hz, in that order. The 
rate of performance is directly correlated with knee frequency. Ac
cording to reports, enhanced rate performance is often associated with 
increased knee frequency. The supercapacitor becomes increasingly 
resistive above the knee frequency, which is also the point at which the 
porous network structure’s electrolyte ion diffusion begins [52,53].

Fig. S23 illustrates the frontier molecular orbitals of both PyTE-Th 
Polymer and TTh-Ph-PyTE CMP. The extent of delocalization in mo
lecular orbital distribution significantly influences the electrochemical 
characteristics of these polymers. Both PyTE-Th Polymer and TTh-Ph- 
PyTE CMP exhibit substantial delocalization, with molecular orbitals 
spread widely across their conjugation backbones. Interestingly, despite 
having comparable energy levels, there is a noticeable performance gap 
between the electrochemical properties of PyTE-Th Polymer and TTh- 
Ph-PyTE CMP. The TTh-Ph-PyTE CMP notably outperforms PyTE-Th 
Polymer in supercapacitor performance. The molecular electrostatic 
potential (MESP) images [Fig. S24] provided offer insights into this 
performance difference. The TTh-Ph-PyTE CMP displays a greater 
number of active sites compared to PyTE-Th Polymer, indicating 
enhanced electrochemical reactivity. Additionally, the incorporation of 
the triazine unit in TTh-Ph-PyTE CMP is anticipated to further augment 
its electrochemical behavior. Consequently, with its increased active 
sites and unique molecular structure, TTh-Ph-PyTE CMP is poised to 
exhibit superior electrochemical performance.

4. Conclusion

Utilizing basic Suzuki coupling procedures, PyTE/TTh-based 

materials were successfully synthesized, featuring redox-active units 
and heteroatoms. Their impact on supercapacitor performance as elec
trode materials was thoroughly investigated. The synthesized TTh-Ph- 
PyTE CMP exhibited notable porosity and thermal stability. Electro
chemical property analysis revealed both normal ELDC and pseudo- 
capacitance behavior, along with high capacitance and excellent cycle 
stability over 5000 cycles. TTh-Ph-PyTE CMP showcased the highest 
capacitance, reaching 1041 F g− 1 at 1 A g− 1 with 93.41 % capacity 
retention after 5000 cycles. Moreover, TTh-Ph-PyTE CMP exhibited a 
remarkable specific capacity of 242 F g− 1 at 1 A g− 1 with 93 % capacity 
preservation after 5000 cycles when employed as a symmetric super
capacitor. The excellent output can be correlated to the presence of 
heteroatoms, which facilitated charge delocalization, improved wetta
bility, and electrostatic coupling. These findings underscore the impor
tance of investigating redox-type materials for SC applications.
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