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A B S T R A C T

We herein present the development of conjugated microporous polymers (CMP), PTB–HATN CMP, meticulously 
engineered through a highly efficient Sonogashira coupling reaction between tetraethynylpyrene (PTB) and 
hexabromodiquinoxalino[2,3-a:2′,3′-c]phenazine (HATN-6Br). The resulting conjugated framework features an 
interconnected microporous–mesoporous architecture, endowing it with a substantial Brunauer–Emmett–Teller 
(BET) surface area of 198 m2 g− 1. The PTB–HATN CMP as positive electrode displayed pronounced pseudoca
pacitive behavior, arising from the synergistic interplay of its abundant redox-active sites, π-conjugated pyrene 
units, and electron-deficient HATN cores. Notably, PTB–HATN CMP electrode exhibited a specific capacitance 
(SC) of 1010.2 F g− 1 at 1 A g− 1, surpassing the performance of many previously reported conjugated polymers 
and CMP-based electrodes in 3 M H2SO4. Moreover, excellent cyclic stability with almost 99% columbic effi
ciency was maintained for all cycles, and also retained 97.6% of its capacitance for continuous 5000 char
ge–discharge cycles, highlighting its robustness and practical potential for energy storage applications. 
Moreover, when all pseudocapacitive electrodes, namely MXene (Ti3C2Tx) film as negative electrode and 
PTB–HATN CMP as positive electrode, are integrated, the resultant asymmetric supercapacitor device (ASC) of 
Ti3C2Tx//PTB-HATN CMP, which enhances the charge storage capability via all pseudocapacitive redox active 
sites, achieves a high SC value of 230 F g− 1 at 1 A g− 1. This work showcases the promising impact of rationally 
designed CMPs integrated with MXene film, positioning them as next-generation materials that offer a versatile 
and powerful pathway for advancing electrochemical energy storage technologies.
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1. Introduction

The growing depletion of fossil fuel reserves, coupled with their 
adverse environmental impacts, has intensified the demand for renew
able energy sources and efficient energy storage technologies [1–5]. 
Consequently, the design of environmentally friendly and robust energy 
generation and storage platforms has become a major research focus. 
Despite major advances in energy conversion technologies, progress in 
batteries, organic solar cells (OSCs), and energy storage systems remains 
limited [1–3,6–12]. To address this gap, various energy storage systems 
have been investigated, among which supercapacitors (SCs) have 
attracted considerable attention. Due to their promising applications in 
modern energy storage [13–17]. SCs offer several advantageous prop
erties, including long cycle life, high power density, stable performance, 
and rapid charge–discharge capability, rendering them highly adaptable 
for broad energy storage purposes [18–21]. Although their energy 
density is generally lower than that of conventional batteries, these 
characteristics establish SCs as strong candidates for next-generation 
energy storage technologies [22–27]. Capacitors are generally divided 
into electric double-layer capacitors (EDLCs) and pseudocapacitors, 
depending on how they store charge. In EDLCs, energy storage arises 
from the formation of an electric double layer at the electro
de–electrolyte boundary, and the capacitance is directly influenced by 
the electrode's surface area [22–27]. In contrast, pseudocapacitors, 
which include metal oxide and conductive polymer-based super
capacitors, utilize fast Faradaic redox reactions, where capacitance is 
determined by the efficient utilization of active electrode materials 
[28–31]. These systems exhibit superior power density, extended life
spans, and rapid energy transfer, making them particularly suitable for 
high-performance energy storage applications. The performance of SCs 
is strongly influenced by factors such as electrode material selection, 
electrolyte composition, and operating conditions. Current research ef
forts are focused on enhancing energy density while preserving their 
intrinsic advantages, positioning supercapacitors as a pivotal technology 
in the evolving landscape of sustainable energy storage [24–31]. CMPs 
are a class of organic materials composed of repeating units inter
connected by covalent bonds, forming a robust three-dimensional 
network [32–36]. Typically constructed from light elements such as 
carbon, nitrogen, and oxygen, CMPs exhibit diverse chemical structures, 
providing a wide range of tunable properties and applications [37–41]. 
The distinctive features of CMPs—including high surface area, adjust
able porosity, and excellent chemical stability—have attracted consid
erable research interest in recent years [42–53]. Their intrinsic porosity 
facilitates efficient electrolyte penetration, while their versatile chemi
cal composition enables enhanced charge storage capabilities. Further
more, CMPs can be engineered to incorporate redox-active functional 
groups, further improving their electrochemical performance. One key 
advantage of CMPs in SCs applications is their exceptionally high surface 
area, which can be optimized through careful selection of monomers and 
control of molecular configuration during synthesis [2,4,14]. Various 
synthetic strategies have been employed to prepare CMPs, including 
oxidative polymerization and traditional coupling methods such as 
Sonogashira–Hagihara, Suzuki–Miyaura, and Yamamoto coupling re
actions [33,37,38]. These approaches have enabled the production of 
CMPs with diverse frameworks and tailored properties. CMPs are also 
well-suited for electrochemical materials due to their porous architec
ture and extended π-conjugation, which facilitate rapid electron trans
port. Additionally, the presence of redox-active sites enhances their 
sensitivity toward target analytes. Hexaazatrinaphthalene (HATN) is an 
imine-based compound featuring a rigid, planar, and fully conjugated 
aromatic framework. While inherently electron-deficient, its extended 
π-conjugation and multiple imine functionalities render it an attractive 
building block for the design of large conjugated frameworks [54–58]. 
Owing to these structural characteristics, HATN-derived CMPs materials 
have been extensively explored as promising candidates for advanced 
energy storage applications [54–58]. MXenes, especially titanium 

carbide (Ti3C2Tx), are part of a versatile class of two-dimensional ma
terials derived from transition-metal carbides and nitrides and have 
recently attracted considerable interest in electrochemical energy stor
age [59–61]. Their pronounced pseudocapacitive charge-storage capa
bility, robust and highly reversible surface redox reactions in acidic 
electrolytes, and metal-like electronic conductivity set them apart from 
traditional carbon electrodes [61]. Notably, standalone MXene films 
with no supporting substrate have exhibited very high specific capaci
tance along with outstanding capacitance retention over prolonged 
cycling, reflecting superior electrochemical durability. These charac
teristics contribute to reduced charge-transfer resistance, rapid electron 
mobility, and improved ion/electrode interaction, enabling efficient 
charge exchange at the electrode–electrolyte boundary [62,63]. Alto
gether, these advantages highlight Ti3C2Tx as a compelling negative 
electrode material for future asymmetric, high-power supercapacitor 
systems.

To the best of our knowledge, the rational design and construction of 
CMP incorporating both pyrene (PTB) and hexaazatrinaphthalene 
(HATN) units using Sonogashira coupling reaction and then investi
gating the performance of Ti3C2Tx//PTB-HATN CMP in the form of 
asymmetric device (ASC) has not been reported to date. The PTB–HATN 
CMP electrode exhibits ultra-high electrochemical charge-storage 
capability, achieving 1010.2 F g− 1 at 1 A g− 1 in 3 M H2SO4, and sus
taining approximately 99% coulombic efficiency over repeated cycling. 
Beyond its high capacitance, the electrode demonstrates long-term 
operational endurance, preserving 97.6% of its starting capacitance 
after 5000 continuous charge–discharge cycles, reflecting excellent 
framework integrity and redox reversibility. When configured into a 
hybrid asymmetric supercapacitor, pairing Ti3C2Tx as the negative 
electrode with PTB–HATN CMP as the positive electrode, the full device 
attains a specific capacitance of 230 F g− 1 at 1 A g-1, supported by well- 
matched charge compensation and rapid ion/electron exchange at the 
interface. Collectively, these results validate the hybrid system as a high- 
capacity and power-efficient electrode design, offering strong promise 
for practical next-generation supercapacitor technologies.

2. Experimental section

2.1. Materials

1,2,3,4,5,6-Cyclohexanehexone octahydrate (Cyclo-6CO), 4,6- 
dibromo-1,2-phenylenediamine (PH-2NH2-2Br), potassium carbonate 
[K2CO3], triethylamine (Et3N), acetic acid (AcOH), dimethylformamide 
(DMF), anhydrous magnesium sulfate (MgSO4), and palladium tetrakis 
(triphenylphosphine) [Pd(PPh3)4], along with other required solvents, 
were obtained from Sigma-Aldrich. The synthesis and processing of 
Ti3C2Tx were previously reported in our earlier work [61]. The com
pound 1,3,6,8-tetrakis(2-(trimethylsilyl)ethynyl)pyrene (PTB-MS) was 
synthesized according to reported procedures [64–68].

2.2. Synthesis of PTB

In a 50 mL round-bottom flask equipped with a single neck, PTB-MS 
(2.18 g) was combined with K2CO3 (4.62 g). The mixture was dissolved 
in methanol (40 mL) and stirred continuously at 25 ◦C overnight. After 
completion of the reaction, the mixture was diluted with distilled water 
(50 mL) in order to quench the reaction and to facilitate the removal of 
excess K2CO3. The resulting suspension was subjected to vacuum 
filtration to acquire a brown solid, and the brown solid was further 
purified through flash column using DCM as eluent to afford bright or
ange powder (PTB, 1.95 g, Yield: 89%). 1H NMR [500 MHz, ppm, δ, 
CHCl3-d, Fig. S1]: 8.68, 8.37, and 3.66 (terminal alkyne). 13C NMR [125 
MHz, ppm, δ, CHCl3-d, Fig. S2]: 134.9, 132.5, 127.1, 117.8, 83.8 (Ph-C 
≡ CH) and 81.3 (Ph-C ≡ CH).
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2.3. Synthesis of HATN-6Br

A solution of PH-2NH2-2Br, 2.0 g, 7.52 mmol, 3.0 equiv.) was pre
pared in AcOH (50 mL) in a 100 mL round-bottom flask. The reaction 
mixture was carefully degassed under a nitrogen atmosphere for 30 min 
to remove dissolved oxygen. Subsequently, Cyclo-6CO (783 mg, 2.51 
mmol, 1.0 equiv.) was introduced under a steady reverse flow of nitro
gen to maintain an inert environment. The reaction solution was then 
raised to its reflux temperature (110 ◦C) and maintained under these 
conditions with continuous stirring for 72 h, during which the color of 
the solution gradually deepened, indicating the progression of the 
condensation process. When the reaction was finished, the hot mixture 
was added dropwise onto crushed ice for efficient cooling and quenching 
with stirring, followed by the addition of an aqueous Na2CO3 solution 
until effervescence ceased, neutralizing the medium and promoting 
precipitation. The resulting solid product was collected by vacuum 
filtration, thoroughly washed with DMF and acetone to remove organic 
impurities, and the green solid was refluxed with 50 mL of HNO3 for 1 h 
to afford HATN-6Br as a yellow solid [0.56 g, Yield: 74%].

2.4. Synthesis of PTB-HATN CMP

A mixture of PTB (0.45 g, 1.65 mmol) and HATN-6Br (0.294 g, 0.81 
mmol) was put into a glass container containing 30 mL of DMF and 30 
mL of Et3N. The temperature of the reaction mixture increased to 115 ◦C 
and was stirred under a nitrogen atmosphere for approximately three 
days. After completion, the reaction was cooled to RT, resulting in the 
formation of a green solid, which was collected by filtration. The crude 
product was purified through Soxhlet extraction using THF, chloroform, 
methanol, and acetone in sequence. The final product, PTB-HATN CMP, 
was dried at 120 ◦C to yield fine green powder [0.39 g, Yield: 87%].

3. Results and discussion

3.1. Synthesis and characterization of PTB-HATN CMP

To construct the conjugated microporous polymer PTB-HATN CMP, 
two key monomeric building blocks—HATN-6Br and PTB—were first 
synthesized. The precursor HATN-6Br was obtained through a conden
sation reaction between 1,2,3,4,5,6-cyclohexanehexone octahydrate 
(Cyclo-6CO) and 4,6-dibromo-1,2-phenylenediamine (PH-2NH2-2Br) in 
acetic acid medium [68]. The reaction afforded a yellow crystalline 
powder that exhibited negligible solubility in a wide range of organic 
solvents, suggesting its rigid and planar conjugated framework [Fig. 1
(a)]. The second monomer, PTB, was synthesized by hydrolyzing PTB- 
MS in methanol in the presence of K2CO3. This process yielded an or
ange solid with high purity [Fig. 1(b)]. Then, the polymerization was 

carried out using the Sonogashira cross-coupling reaction between 
HATN-6Br and PTB in DMF with Et3N as the base. The reaction pro
ceeded smoothly to afford the target polymer PTB-HATN CMP as a green 
powder in good yield [Fig. 1(c)]. Notably, the as-synthesized CMP was 
completely insoluble in all common organic solvents, which is consistent 
with its high crosslinking density and confirms the successful formation 
of a stable porous conjugated network. The successful synthesis of 
HATN-6Br, PTB, and the PTB-HATN CMP framework was affirmed by 
Fourier transform infrared spectroscopy (FT-IR, Fig. 2(a)). The FT-IR 
spectrum of HATN-6Br exhibited distinct absorption bands at 3088, 
1638, and 1450 cm− 1, which are ascribed to the characteristic vibrations 
of aromatic sp2 C–H, C––N, and C––C moieties, respectively. In contrast, 
the PTB monomer displayed prominent absorption bands at 3282 and 
2098 cm− 1, originating from the stretching modes of terminal alkyne 
C–H and C–––C bonds. Notably, the FT-IR spectrum of the PTB-HATN 
CMP revealed absorption features at 3069, 2185, and 1618 cm− 1, 
attributable to aromatic C–H, alkyne C–––C, and C––N functionalities, 
respectively. The coexistence of these diagnostic bands provides 
compelling evidence for the successful incorporation of HATN and PTB 
structural units into the PTB-HATN CMP network. The chemical stability 
of PTB–HATN CMP was evaluated by FT-IR spectroscopy after treatment 
in various solvents and chemical environments, including THF, DMF, 
MeOH, 1 M NaOH, and 1 M HCl (Fig. S3). All treated samples exhibited 
nearly identical FT-IR spectra, retaining the characteristic vibrational 
bands of the CMP framework, such as aromatic C–H, C–––C, and C––N 
stretching vibrations. No noticeable changes in peak positions or in
tensities were observed after exposure to organic solvents or to acidic 
and basic media, indicating that the chemical structure of PTB–HATN 
CMP remained intact. These results demonstrate the excellent chemical 
stability of the CMP in diverse organic solvents as well as under harsh 
acidic and alkaline conditions. The solid-state 13C NMR spectrum of 
PTB-HATN CMP [Fig. 2(b)] further corroborates the successful frame
work formation. A resonance at ~155 ppm is assigned to the C=N units 
of the HATN moieties [68,69], while multiple signals spanning 141–119 
ppm are characteristic of aromatic carbons originating from both the 
HATN and PTB units. Additionally, distinct resonances at 92 and 82 ppm 
are associated with the alkyne C–––C carbons of the PTB segments, un
equivocally confirming the preservation of alkyne functionalities within 
the CMP backbone. XRD analysis demonstrated that HATN-3Br (Fig. S4) 
and PTB (Fig. S5) are crystalline materials, while PTB–HATN CMP dis
plays an amorphous nature (Fig. S6), in agreement with the typical 
structural features of CMPs reported in the literature [69,70]. X-ray 
photoelectron spectroscopy (XPS) analysis (Fig. S7) provided further 
insights into the elemental composition and electronic environment of 
PTB-HATN CMP. The survey spectrum confirmed the presence of carbon 
(C 1 s, 283.8 eV) and nitrogen (N 1 s, 398 eV) as the principal constit
uents of the framework.

Fig. 1. Schematic representation of the preparation of (a) HATN-6Br, (b) PTB, and (c) PTB-HATN CMP.
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Deconvolution of the high-resolution C 1 s spectrum revealed distinct 
peaks at 285.5, 284.5, and 283.5 eV, corresponding to C––N, C–––C, and 
C–C/C=C bonds, respectively [54]. In the N 1 s region, a pronounced 
peak at 398 eV was observed, which is attributed to the C––N func
tionalities of the HATN units, thereby substantiating the successful 
incorporation of nitrogen-rich moieties into the CMP backbone 
[54,69,70]. As depicted in [Fig. 2(c)], thermogravimetric analysis (TGA) 
revealed that PTB-HATN CMP recorded under an inert atmosphere 
possesses remarkable thermal stability, exhibiting only 10% weight loss 
from room temperature to 360 ◦C. When further increasing the tem
perature, up to 800 ◦C, PTB-HATN CMP retained 53 wt%. This phe
nomenon strongly reveals that intrinsic robustness and enhanced 
thermal resistance are imparted by the HATN-linked conjugated 
framework. No melting peak was observed in the DSC thermogram of 
PTB–HATN CMP [Fig. S8], indicating that the material is amorphous 
rather than crystalline. The nitrogen adsorption–desorption isotherm of 
PTB-HATN CMP [Fig. 2(d)] can be classified as Type II according to 
IUPAC standards, characterized by a pronounced hysteresis loop. The 
isotherm displays a gradual uptake at low relative pressures, indicative 
of micropore filling, followed by a sharp increase at higher pressures, 
consistent with the presence of mesoporous domains. The BET surface 
area of PTB-HATN CMP is 198 m2 g-1, along with a pore volume of 0.41 
cm3 g− 1. Moreover, the desorption branch hysteresis loop reveals the 
formation of interconnected pore channels, with pore size distribution 
analysis (non-local density functional theory, NLDFT model) revealing 
distinct pore diameters of 1.1, 1.8, 2.3, and 2.9 nm, respectively, for 
PTB-HATN CMP [Fig. 2(e)]. Therefore, the presence of a microporous 
network in PTB-HATN CMP facilitates rapid ion diffusion pathways and 
enhances rapid ion transport. Therefore, the increased surface area 
offered by PTB-HATN CMP promotes greater interaction with electrolyte 
ions, thereby improving rapid ion diffusion. Scanning electron micro
scopy (SEM) images [Figs. 3(a) and 3(b)] revealed that PTB-HATN CMP 
adopts an aggregated nanosphere morphology interconnected with thin 
sheet-like structures. Elemental mapping from SEM-EDS confirmed the 

uniform distribution of carbon [red color, Fig. 3(c)] and nitrogen [green 
color, Fig. 3(d)] throughout the framework, consistent with the expected 
composition. Transmission electron microscopy (TEM) further corrob
orated these observations, clearly displaying the nanosphere architec
ture [Figs. 3(e) and 3(f)], in excellent agreement with the SEM results.

3.2. Electrochemical performance of the PTB–HATN CMP as positive 
electrode in a three-electrode configuration

To investigate the pseudocapacitive charge storage mechanism of 
PTB-HATN CMP, electrochemical measurements were first conducted in 
a conventional three-electrode system. The working electrode was 
fabricated by coating PTB-HATN CMP in the form of slurry onto graphite 
foil, while a platinum wire was employed as the counter electrode, and 
an Ag/AgCl electrode functioned as the reference electrode, respec
tively. Electrochemical performance was evaluated in 3 M H2SO4 elec
trolyte using cyclic voltammetry (CV) and galvanostatic 
charge–discharge (GCD) measurements. The CV curves of PTB-HATN 
CMP electrode [Fig. 4(a)] revealed two pairs of well-defined and 
reversible redox peaks, with anodic potentials at Epa1 = 0.33 V and Epa2 
= 0.46 V, and corresponding cathodic potentials at Epc1 = 0.37 V and 
Epc2 = 0.226 V. These redox features within the potential window be
tween 0 to +0.7 V, can be ascribed to the electroactive pyrene moieties 
covalently integrated into the CMP framework. On the other hand, PTB- 
HATN CMP also exhibited two reversible redox peaks in 3 M KOH [Fig. 
S9], however, the peak positions are located at negative regions Epa1 =

− 0.62 and Epa2 = − 0.83 V, and the corresponding cathodic peak po
tentials at Epc1 = − 0.71 V and Epc2 = − 1.0 V, respectively. Based on the 
comparison between acidic and basic electrolytes, it can be revealed that 
the electrochemical performance of PTB-HATN CMP is highly dependent 
on pH. Taking into consideration the stronger redox peaks located at 
acidic electrolyte when compared with basic electrolyte, the electro
chemical performance for PTB-HATN CMP electrode in the present work 
was carried out using 3 M H2SO4 only. When pyrene-based molecules 

Fig. 2. (a) FTIR spectra of HATN-6Br, PTB, and PTB-HATN CMP, (b) solid-state 13C NMR, (c) TGA, (d) N2 adsorption–desorption isotherms, and (e) pore size 
distribution of PTB-HATN CMP.
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are coated on an electrode and placed in an acidic medium, they un
dergo an electrophilic substitution reaction and generate -OH group on 
(C4). To compensate for the stability of the resultant structure, the -OH 
group can also be generated on the (C9) position of the pyrene present in 
PTB-HATN CMP. Owing to the passivation of electrolyte ions, the 
wettability of the electrode is affected, and dihydroxypyrene is gener
ated. When subjected to continuous cycles, the formed dihydroxypyrene 
undergoes a two-electron and two-proton process, resulting in the 
reversible formation of pyrene quinones [Scheme S1], which reveals the 
electrochemical oxidation of pyrene in an acidic medium [71]. Two 
reversible redox peaks emerge within the potential window of 0–0.7 V, 
reflecting the underlying process described above.

Moreover, at higher scan rates from 2 to 100 mV s− 1 in the same 
potential range, the CV profiles consistently retain the two reversible 
redox processes. The retention of reversible process at all scan rates 
indicates that the charge storage in PTB-HATN CMP arises from a syn
ergistic combination of EDLC and pseudocapacitance. Herein, EDLC 
behavior is due to the presence of a microporous carbon network that 
allows ion adsorption/desorption behavior at the electrode–electrolyte 
interface, and the observation of pseudocapacitive behavior has mainly 
arisen from the formation of pyrene quinones that favor reversible redox 
reaction. The overall capacitance of the PTB-HATN CMP electrode can 
be attributed to two primary contributions: (i) fast faradaic redox re
actions occurring at surface or near-surface active sites, and (ii) elec
trostatic charge storage via ion adsorption/desorption. A smaller 
fraction originates from ion diffusion within the bulk of the electrode 
material. It is important to highlight that the redox peaks of PTB-HATN 
CMP were still retained at 100 mV s− 1, demonstrating excellent rate 
capability and structural stability under high scan rate conditions. Based 

on CV measurements, the specific capacitances of PTB-HATN CMP were 
determined to be 250, 234, 221, 205, 197, 190, 186, 181, 177, 174, 170, 
and 167 F g− 1 at 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s− 1, 
respectively [Fig. 4(b)]. The specific capacitance was well-retained even 
at high scan rates, further revealing that the inherent high surface area 
of CMPs arises from their micropores. As illustrated in the CV response, 
the PTB-HATN CMP electrode with high mass loading also exhibited 
redox response in the presence of 3 M H2SO4 [Fig. S10(a)]. However, the 
observation of redox behavior is distinct evidence of the high mass 
loading of PTB-HATN CMP on the surface of graphite foil. This might be 
due to the presence of limited diffusion pathways, which restricted the 
ionic transport and thus well-resolved peaks are not distinctly observed. 
When subjected to GCD experiments with current densities of 1, 2, 3, 4, 
5, 7, and 10 A g− 1 [Fig. S10(b)], the specific capacitance was calculated 
to be 108.4 F g− 1 at 1 A g− 1 and reached 58.4 F g− 1 at 10 A g− 1 [Fig. S10 
(c)].

To better clarify the charge storage behavior, Cottrell's equation (I ∝ 
v0.5) was employed. The linear dependence of the redox peak current (I) 
on the scan rate confirmed the coexistence of both surface-confined 
pseudocapacitance and EDLC in PTB-HATN CMP [Fig. 4(c)]. To assess 
and compare the relative influence of surface-controlled versus 
diffusion-controlled processes, the Trasatti method was applied. This 
approach enables the separation of the surface-accessible charge (Qouter) 
from the total stored charge (Qtotal), thereby providing a deeper un
derstanding of the energy storage mechanism in PTB-HATN CMP: Q =
Qouter + Kv0.5, where Q is the charge (C g− 1) at a specific scan rate (v), 
and K is a constant, we identified the contribution from surface pro
cesses. This approach complements the kinetic analysis and provides a 
more comprehensive understanding of the storage mechanism. Addi
tionally, the electrode kinetics were further analyzed using the power- 
law relationship (i = avb), where i is the current, v is the scan rate, 
and a and b are adjustable parameters. The b-value was obtained from 
the slope of the log(i) versus log(v) plot. The b-value approaching 1 in
dicates a capacitive-controlled process, whereas a value close to 0.5 
suggests diffusion-limited behavior. For the PTB-HATN CMP electrode, 
b-values of 0.84 (cathodic process) and 0.91 (anodic process) were 
determined, confirming that the charge storage is predominantly 
capacitive in nature [Fig. 4(d)]. In addition, the linear relationship be
tween i and v was examined using the Randles–Ševčík equation. The 
observed proportionality between scan rate and peak current further 
demonstrates that the charge storage is governed primarily by 
adsorption-controlled processes [Fig. 4(c)]. To further separate the 
capacitive and diffusive contributions, the current response at each scan 
rate Fig. 4(e)] was analyzed using the Dunn Model equation:

i(V) = k1v+ k2v1/2.

In this model, k1v represents the capacitive (surface-controlled) 
contribution, while k2v1/2 represents the diffusion-controlled part. By 
applying this method, the relative percentages of both contributions 
were calculated at 100 mV s− 1 [Fig. 4(f)], the capacitive contribution 
markedly increased to 88.8%, accompanied by a decrease in the 
diffusion-controlled portion to 11.17%. These findings confirm that 
PTB-HATN CMP predominantly stores charge through rapid surface- 
controlled processes. Dunn's analysis further illustrates the relative 
contributions of capacitive and diffusion effects at both low and high 
scan rates. The PTB-HATN CMP electrode exhibited a capacitance 
contribution of about 53% at 2 mV s− 1 and reached 89% at 100 mV s− 1, 
whereas the diffusive contribution was calculated to be 47% at 2 mV s− 1 

and reached 11% at 100 mVs− 1, indicating the overall electrochemical 
process is dominated by a capacitive-controlled process. For a more 
comprehensive assessment of the electrode's electrochemical capability, 
GCD analysis was conducted within 0 to 0.7 V, with stepwise current 
densities from 1–5 A g− 1. As revealed from [Fig. 5(a)], GCD profiles 
exhibited non-linear triangular shapes with distinct redox features, 
consistent with the CV results. The PTB-HATN CMP electrode delivered 

Fig. 3. (a, b) SEM, (c, d) SEM-EDS mapping, and (e, f) TEM images of PTB- 
HATN CMP.
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a high SC of 1010.2 F g− 1 at 1 A g− 1, which decreased to 315 F g− 1 at 5 A 
g− 1, reflecting rate-dependent behavior [Fig. 5(b)]. The observation of 
high-rate capability offered by the PTB-HATN CMP electrode is mainly 
due to the formation of pyrene quinone (which enables redox func
tionality) and the presence of a large surface area, which reduces the ion 
transport pathways, leading to accommodation of abundant ions for 
efficient ion storage. As shown in Table S1, the PTB–HATN CMP-based 
supercapacitors (SCs) operating in a three-electrode configuration 
exhibit a remarkably high SC [1010.2 F g− 1 @1 A g− 1], which surpasses 
the performance of most previously reported CMP electrodes. Electro
chemical impedance spectroscopy (EIS) is a powerful tool to investigate 
the charge-transfer resistance (Rct) and cycling stability of the 
PTB–HATN CMP electrode before and after prolonged cycling. The 
corresponding Nyquist plots are shown in Fig. 5(c), where the real (Z′) 
and imaginary (Z″) components of impedance are plotted along the x- 
and y-axes, respectively. The observation of a small semicircle in the 
high-frequency range for both electrodes represents the smaller Rct at the 
electrode/electrolyte interface. In detail, the PTB-HATN CMP electrode 
recorded before cycling exhibits a low Rct value of approximately 1.01 
Ω, indicating that the presence of conjugated π bonds in CMPs favors 
electron transport pathways, leading to excellent conductivity.

On the other hand, the resultant PTB-HATN CMP electrode obtained 
after 5000 cycles retained a similar response at higher frequencies 
without any significant change in the Rct value (0.904 Ω) [Table S2], 
indicating good stability of the electrode; however, the deviation was 
observed at lower frequencies. Overall, EIS results confirm that PTB- 
HATN CMP possesses low resistance, good electronic conductivity, 
and excellent cycling stability. Notably, after 5000 continuous 

charge–discharge cycles, the electrode retained robust performance, 
highlighting its potential as a durable electrode material for long-life 
supercapacitors. The four-point probe method was used to determine 
the electrical characteristics of PTB-HATN CMP by measuring sheet 
resistance and volume resistivity, and electrical conductivity while 
maintaining low contact resistance. The graph in Fig. S11 displays the 
correlation between the measured resistance (Ω) and the corresponding 
sheet resistance (Ω/sq) for PTB-HATN CMP. From the graph, it can be 
appreciated that the sheet resistance increases monotonically with the 
measured resistance. The monotonic rise in the sheet resistance with the 
measured resistance implies a uniform charge transport mechanism over 
the entire surface. At values of resistance <4.4 Ω and > 3.9 Ω, the sheet 
resistance is found to lie within a narrow range of ≈17–19 Ω/sq. At 
higher values of resistance <9.4 Ω, the sheet resistance has a value 
≈41.7 Ω/sq. The measured volume resistivity shows values between 
0.93 and 2.19 Ω⋅cm, while the electrical conductivity shows a decrease 
from 1.08 to 0.46 S⋅cm− 1. The direct relationship between resistivity 
and conductivity demonstrates that four-point probe measurements 
produce consistent and accurate results. The resistance–sheet resistance 
relationship shows a linear and systematic pattern, which confirms that 
PTB-HATN CMP maintains material uniformity and consistent electrical 
properties. To evaluate the stability of the CMPs, the resultant PTB- 
HATN CMP was subjected to cycling stability at 7 A g− 1. As depicted 
in Fig. 5(d), following 5000 cycles of continuous testing, the PTB-HATN 
CMP electrode delivered sustained capacitive performance, retaining 
97.6% of its original electrochemical response with negligible stability 
loss. The observation of higher capacitive retention for CMP signifies 
that the formation of pyrene quinone generates stable, reversible redox 

Fig. 4. (a) CV curves of Py-HATN CMP electrode at different scan rates [recorded in presence of 3 M H2SO4], (b) Specific capacitance from CV for various scan rate, 
(c) linear dependence between current as a function of scan rate, (d) evaluation of b-value from log of scan rate vs log of I, and (e) effect of charge storage 
contribution at various scan rate and (f) charge storage contribution obtained using Dunn Model at 100 mV s− 1.
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peaks, and therefore, the degradation of CMPs is minimal. In addition, 
the coulombic efficiency remained close to 99% throughout all the cy
cles, confirming the highly reversible and efficient nature of the char
ge–discharge process. Inset Fig. 5(d) compares the GCD curves for PTB- 
HATN CMP before and after 5000 cycles, showing only a slight decrease 
in discharge time after extended cycling, further revealing the retention 
of CMPs without any degradation even when subjected to prolonged 
cycles.

3.3. Post analysis of PTB-HATN CMP electrode

FT-IR spectroscopy was employed as a primary tool to examine the 
structural evolution of PTB-HATN CMP, particularly the transformation 
of pyrene terminal units into pyrene quinone during electrochemical 
cycling. The FT-IR spectra of PTB-HATN CMP after 2000 and 5000 cy
cles in 3 M H2SO4 are presented in Fig. S12 (ex-situ analysis). Before 
cycling, no broad bands associated with –OH stretching vibrations were 
observed in the 3500–3000 cm− 1 region, confirming that the pristine 
PTB-HATN CMP contains no hydroxyl groups. After 2000 cycles, a broad 
absorption band emerged in this region, indicating the formation of 
hydroxyl-functionalized pyrene units. Upon further cycling to 5000 
cycles, the intensity of this band increased, accompanied by the 
appearance of a strong peak near 1650 cm− 1, which corresponds to 
C––O stretching. These observations collectively confirm the generation 
of –OH and C––O functionalities, consistent with the formation of 
hydroxy-pyrene and pyrene-quinone species during repeated redox 
processes. SEM analysis was carried out to evaluate morphological 
changes in the electrodes before and after 5000 continuous cycles. The 
pristine PTB-HATN CMP electrode displays well-distributed active ma
terial embedded within the carbon binder matrix, with clearly visible 
spherical CMP particles at higher magnification. Notably, similar 

spherical morphologies were retained even after extended cycling in 3 M 
H2SO4, indicating that the CMP framework remains intact and does not 
suffer from structural degradation. Furthermore, the electrode surface 
exhibited no visible cracks after cycling, suggesting excellent mechani
cal stability [Fig. S13]. These features reflect that electrode packing 
density prevents the electrode from cracking and thus the ionic transport 
pathway is facilitated even after subjected to continuous cycles. XPS 
analysis was employed to gain further insight into the oxidation states 
and chemical transformations associated with pyrene units during 
cycling. The survey spectrum of the electrode after 5000 cycles revealed 
signals corresponding to C, N, O, and S, consistent with the expected 
elemental composition [Fig. S14]. The high-resolution C 1 s spectrum 
was deconvoluted into four components at 284.7 eV, 286.4 eV, 288.4 
eV, and 291.4 eV, assigned to C–C/C=C, C=N/C–OH, C––O, and CF2, 
respectively. The presence of C–OH and C––O peaks confirms the for
mation of hydroxypyrene and pyrene-quinone species. The CF2 peak 
originates from the PVDF binder. Similarly, the N 1 s spectrum was 
deconvoluted into peaks at 400.7 eV and 402.9 eV, corresponding to 
C––N and C–N groups in the PTB-HATN CMP framework. The O 1 s 
region displayed two peaks at 534.79 eV (O=C) and 533.07 eV (H–O–C). 
Solid-state 13C NMR spectroscopy was carried out for PTB-HATN CMP 
after 5000 cycles. The spectrum clearly shows the presence of the C––O 
carbon signal at approximately 179.2 ppm, confirming the retention of 
the carbonyl functional group [Fig. S15]. FTIR, XPS, and solid-state 13C 
NMR results collectively revealed the formation of hydroxypyrene and 
pyrenequione during charging and discharging cycles.

3.4. Electrochemical performance of Ti3C2Tx free-standing film as a 
negative electrode

As is evident with the formation of pseudocapacitive behavior for 

Fig. 5. (a) GCD curves of PTB-HATN CMP electrode recorded in the presence of 3 M H2SO4 at various current densities, (b) specific capacitance calculated from GCD 
curves with respect to current density, (c) EIS curves of PTB-HATN CMP electrode before and after being subjected to 5000 cycles [Inset: the equivalent circuit for the 
PTB-HATN CMP electrode] and (d) stability of PTB-HATN CMP electrode for a period of 5000 cycles.
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PTB-HATN CMP for the positive electrode, choosing the negative elec
trode, which also possesses pseudocapacitive behavior, is highly pref
erable when compared with conventional carbon-based electrodes 
(EDLC behavior). Based on the literature, Ti3C2Tx obtained from Ti3AlC2 
(MAX) is reported to exhibit high pseudocapacitance. Therefore, the 
preparation of free-standing Ti3C2Tx film was adopted from our previ
ously reported work [61]. In brief, Ti3AlC2 was subjected to the selective 
etching of Al using LiF and HCl (MILD method), followed by washing 
with double-distilled water until the supernatant became dark green. 
The resultant swelled m-Ti3C2Tx was delaminated using LiCl to obtain 
dark supernatants, which are named as single-layered MXene nano
sheets. The free-standing Ti3C2Tx film was obtained after vacuum- 
assisted filtration [61]. The electrochemical performance of Ti3C2Tx 
film was recorded in the presence of 3 M H2SO4 and exhibited redox 
peaks with the observation of Epa = − 0.153 V and Epc = − 0.301 V 
within the potential window from 0.3 to − 0.5 V [Fig. 6(a)]. Herein, the 
observation of redox reaction between excessive protons in acidic 
electrolyte (3 M H2SO4) and surface functionalized (-OH, -F) Ti3C2Tx 
film facilitates the oxidation of Ti into Ti3C2Ox. Based on the CV with 
redox response for Ti3C2Tx film, which evidences the pseudocapacitive 
behavior, and in order to estimate the rate capability, scanning within 
the same potential window at different scan rates was performed. As 
evident from Fig. 6(b), the redox peak currents were found to increase 
with an increase in the scan rate from 5 mV s− 1 to 100 mV s− 1. More
over, the redox behavior was clearly visualized even at higher scan rates, 
which clearly signifies the Ti3C2Tx film with good rate capability. As we 
successfully evaluated the kinetic behavior of the positive electrode, the 
electrode kinetics for the negative electrode were also adopted. By 

implementing the power law i = avb, a linear relationship was plotted 
between log(i) versus log(v). The resultant slope value b was calculated 
to be 0.96 and 0.9 for anodic and cathodic segments, respectively [Fig. 6
(c)]. These values clearly depict that the electrochemical charge storage 
for the Ti3C2Tx film is predominantly capacitive in nature. In addition, 
the contribution to the Ti3C2Tx film is highly dominated by capacitive 
behavior of about 73 and 89% at 10 and 100 mV s− 1, respectively [Fig. 6
(d)]. These findings observed for the Ti3C2Tx film strongly demonstrated 
the pseudocapacitive electrochemical process. Furthermore, to evaluate 
the specific capacitance of Ti3C2Tx film, GCD experiments [Fig. 6(e)] 
were performed at various current densities [ranging from 1 to 10 A 
g− 1]. The GCD curves were found to be symmetrical within the applied 
potential window, ranging from -0.4 to 0.3 V, during both charging and 
discharging. Moreover, the specific capacitance was calculated to be 
173.2 F g− 1 at 1 A g− 1 1 [Fig. 6(f)].

3.5. Electrochemical performance of all pseudocapacitive Ti3C2Tx//PTB- 
HATN CMP asymmetric device

For practical validation, an asymmetric pseudocapacitive super
capacitor cell (ASC) was fabricated, employing PTB-HATN CMP as the 
positive electrode and Ti3C2Tx film as the negative electrode, separated 
by Whatman filter paper in a Swagelok cell configuration. The use of 
pseudocapacitive materials for both electrodes is particularly advanta
geous, as the redox activity of both the positive and negative electrodes 
significantly enhances the overall charge storage capability of the de
vice. To determine the optimal operating voltage window of the ASC, 
electrochemical measurements were conducted across various potential 

Fig. 6. (a) CV response for Ti3C2 film recorded in the presence of 3 M H2SO4 at a scan rate of 100 mV s− 1. (b) CV profiles of Ti3C2 film at various scan rates ranging 
from 5 mV s− 1 to 100 mV s− 1. (c) Logarithmic plot between scan rate vs anodic/cathodic peak current. (d) Effect of contribution, (e) GCD profiles for Ti3C2 film at 
various current densities, and (f) specific capacitance obtained at various current densities.
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ranges. The device exhibited a wide and stable potential window of up to 
1.4 V without noticeable side reactions [Fig. 7(a)]. Furthermore, the CV 
profiles of the ASC displayed distinct redox peaks, confirming the active 
contribution of both PTB-HATN CMP and Ti3C2Tx to the charge storage 
process. To further optimize the operating potential window, GCD 
measurements were conducted at voltages up to 1.4 V under constant 
current conditions [Fig. 7(b)]. No evidence of side reactions was 
observed, confirming the electrochemical stability of the ASC within this 
potential range. The GCD curves, recorded at current densities between 
1 and 6.6 A g− 1 [Fig. 7(c)], exhibited quasi-triangular profiles with slight 
deviations, reflecting the coexistence of EDLC and pseudocapacitive 
behavior. At a 1 A g− 1, the Ti3C2Tx//PTB-HATN CMP electrode deliv
ered a specific capacitance of 230 F g− 1 [Fig. 7(d)]. This value is notably 
higher than that of the other CMP-based electrodes, most likely due to its 
relatively larger BET surface area, which facilitates more efficient 
transport and accessibility to active sites. At a higher 6.6 A g− 1, the 
capacitance decreased to 204 F g− 1.

Such a decline is typical, as higher current densities shorten the ion 
diffusion time, thereby reducing access to electroactive sites and 
lowering the effective capacitance. The fabricated asymmetric pseudo
capacitive Ti3C2Tx//PTB-HATN CMP device delivers a high energy 
density of 62.5 Wh kg− 1 at a power density of 467 W kg− 1, and main
tains 55.5 Wh kg− 1 even at an elevated power density of 3.1 kW kg− 1 

[Fig. S16]. Notably, the device sustains competitive energy storage at 
fast charge–discharge rates without sacrificing energy density, high
lighting its suitability for long-term, high-rate operation. This perfor
mance is attributed to the synergistic combination of ion intercalation 

within the MXene layers and the reversible surface redox activity of the 
phenazine-rich CMP, which together promote rapid ion diffusion, effi
cient charge transfer, and stable electrochemical kinetics. The sustained 
high-rate energy retention demonstrates that the synthesized PTB-HATN 
CMP is a promising electrode material for durable energy-storage sys
tems and long-term practical applications. The cycling stability of the 
fabricated ASC was further examined over 2500 continuous char
ge–discharge cycles [Fig. 7(e)], providing insight into its long-term 
performance. As shown in Fig. 7(e), the ASC retained approximately 
117.8% of its initial capacitance after 2500 continuous cycles. The 
gradual increase in capacitance during cycling suggests that the pres
ence of a layered structure of MXene nanosheets could accommodate a 
large number of H+ ions at the negative electrode, leading to enhanced 
utilization of the active material. These results demonstrate the 
robustness of the ASC, with minimal loss in energy storage capability 
even after extended operation, highlighting its suitability for durable 
supercapacitor applications. Furthermore, the coulombic efficiency 
remained consistently close to 90%, indicating highly reversible and 
efficient charge–discharge processes, where nearly all the input energy 
is recoverable. Overall, the PTB-HATN CMP electrode exhibits excellent 
cycling stability and high efficiency, underscoring its potential as a 
reliable and high-performance material for advanced energy storage 
devices. The electrochemical performance of PTB-HATN CMP is strongly 
governed by its intrinsic electronic structure and its synergistic inter
action with the conductive MXene framework. To elucidate this rela
tionship, molecular electrostatic potential (MESP) and frontier 
molecular orbital analyses were employed as qualitative electronic 

Fig. 7. (a) CV of the Ti3C2Tx//PTB-HATN CMP asymmetric cell configuration at various potentials [1-1.4 V] (b) galvanostatic charge/discharge profile of the PTB- 
HATN CMP in ASC at various potentials (c) GCD profile of Ti3C2Tx//PTB-HATN CMP ASC at various current density, (d) specific capacitance of Ti3C2Tx//PTB-HATN 
CMP asymmetric cell, and (e) cyclic stability of fabricated device over 2500 cycles.
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descriptors of charge distribution, redox activity, and charge-transport 
pathways. As shown in Fig. 8(a), the MESP map reveals pronounced 
electron-rich regions localized around the triazine- and pyrazine-type 
nitrogen atoms of the HATN units. These nitrogen centers act as pri
mary redox-active sites, facilitating reversible faradaic reactions during 
electrochemical cycling. In parallel, a moderately electron-dense region 
extends across the π-conjugated backbone, indicating effective intra
molecular charge delocalization. This dual distribution of localized 
redox centers and delocalized conjugation enables efficient charge 
accumulation while maintaining electronic continuity throughout the 
PTB-HATN CMP framework. Frontier molecular orbital analysis [Fig. 8
(b)] provides further mechanistic insight. The highest occupied molec
ular orbital (HOMO) is predominantly localized on the nitrogen-rich 
moieties, confirming their direct involvement in oxidation-reduction 
processes during the charging step. In contrast, the lowest unoccupied 
molecular orbital (LUMO) exhibits a highly delocalized distribution over 
the extended conjugated skeleton, providing continuous electron- 
accepting pathways during discharge. Such spatial separation of 
redox-active donor sites and delocalized electron-transport channels is 
favorable for rapid charge-transfer kinetics. Notably, the relatively 
narrow HOMO-LUMO energy gap (Eg = 2.485 eV) indicates enhanced 
intrinsic electronic conductivity. This reduced energy barrier facilitates 
efficient electron migration within the PTB-HATN CMP network and 
supports fast intramolecular charge transport. When PTB–HATN CMP is 
integrated with Ti3C2Tx, the highly conductive MXene sheets function as 
electron highways, effectively wiring the redox-active CMP domains to 
the current collector and minimizing interfacial charge-transfer resis
tance. This electronic synergy between the CMP's redox-active, nitrogen- 
rich framework and the metallic conductivity of MXene provides a clear 
mechanistic basis for the experimentally observed low charge-transfer 
resistance, high-rate capability, and excellent cycling stability. Conse
quently, the combined theoretical and electrochemical analyses 
demonstrate that the high performance of the Ti3C2Tx//PTB-HATN CMP 
originates from accelerated surface-controlled redox reactions coupled 
with rapid electronic transmission across the hybrid interface.

4. Conclusions

Herein, we synthesized PTB-HATN CMP, a newly developed CMP 
synthesized via Sonogashira coupling of PTB and HATN-derived 
monomers. The PTB-HATN CMP features exceptional thermal stability, 
robust structural integrity, and a microporous architecture with a high 
BET surface area (198 m2 g− 1). These characteristics endow PTB-HATN 
CMP with excellent electrochemical properties, including a specific 
capacitance (SC) of 1010.2 F g− 1 at 1 A g− 1 and long-term durability 

(after 5000 cycles) in an acidic electrolyte. Importantly, in an asym
metric supercapacitor configuration pairing Ti3C2Tx (negative elec
trode) with PTB–HATN CMP (positive electrode), as a Ti3C2Tx// 
PTB–HATN CMP asymmetric cell, the asymmetric supercapacitor 
delivered 230 F g− 1 at 1 A g− 1. The efficient charge balance and rapid 
ion/electron transport across the hybrid interface demonstrate both 
high storage capacity and strong power capability due to high-rate 
charge transfer between electrolyte ions and the redox active surface 
of the CMP electrode and MXene, supporting its promise as a practical 
electrode design for next-generation supercapacitors.
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