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Dispersion of ultrastable crown-ether-
functionalized triphenylamine and pyrene-linked
porous organic conjugated polymers with single-
walled carbon nanotubes as high-performance
electrodes for supercapacitors†

Mohamed Gamal Mohamed, *a,b Wan-Chun Chang,a Swetha V. Chaganti,c,d

Santosh U. Sharma,c,d Jyh-Tsung Leec,d,e and Shiao-Wei Kuo *a,e

We have successfully synthesized a new type of porous organic polymer (POP), called CE-Py POP, which

incorporates both crown ether and pyrene using a [4 + 4] Schiff base condensation method. The CE-Py

POP structure has been confirmed through various analytical techniques and has exhibited excellent

thermal stability and char yield, with a Td10 value of 416 °C and 67 wt%, respectively. To create suitable

materials for supercapacitor devices, we blended CE-Py POP with single-walled carbon nanotubes

(SWCNTs) through π–π interactions to form a CE-Py POP/SWCNT nanocomposite. In galvanostatic

charge–discharge (GCD) experiments, the CE-Py POP/SWCNT nanocomposite exhibited an impressive

specific capacitance value reaching 346 F g−1 and demonstrated exceptional capacitance retention, main-

taining 97.6% of its original capacitance even after more than 2000 cycles.

Introduction

The ongoing utilization of finite resources and the continuous
exhaustion of fossil fuels have resulted in environmental disas-
ters, such as climate change, underscoring the pressing
requirement to transition to sustainable sources of energy.1–4

In this context, supercapacitors (SCs) have emerged as promis-
ing devices of energy storage technology thanks to their rapid
charging capability, high power density, eco-friendly character-
istics, and long lifespan.5 Supercapacitors are energy storage
devices that possess qualities resembling both batteries and
conventional capacitors. Their distinct design and compo-
sition enable swift energy storage and release, presenting an
appealing substitute for conventional batteries and capacitors
across various applications.6,7 Multiple studies have reported

that the energy storage mechanism in supercapacitors relies
on electrostatic interactions between the electrolyte ions and
the carbon electrodes.1,8–10 The selection of electrode
materials plays a significant role in determining the electro-
chemical performance and mechanism of supercapacitors.
Organic materials, including conducting polymers (CPs) and
porous organic polymers (POPs), hold distinct advantages over
inorganic and inorganic–organic hybrid materials due to their
facile chemical modification, cost-effective production, and
adaptable functionalities.1–4 Nonetheless, inherent limitations
such as restricted solubility, modest capacitance in their pure
state, inadequate electrical conductivity, and modest electro-
chemical stability have hindered their utilization as electrode
materials.1 Consequently, there is a pressing demand for the
development of robust electrode materials to enhance the per-
formance of supercapacitors (SCs). Untreated CPs usually
exhibit sub-par bulk conductivity, which poses challenges when
they are employed for energy storage applications like batteries
and supercapacitors. This often necessitates the incorporation
of substantial additives, such as carbon. Paradoxically, even CP
materials with substantial intrinsic charge storage capabilities
may not lead to proportionate gains in overall storage capacity
for the final device. Researchers have directed their attention
toward the advancement of electrode material components and
topologies in order to circumvent the limitations associated
with supercapacitors11–14 Porous organic polymers (POPs), such
as CMPs, COFs, and CNTs, have garnered significant attention
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as electrode materials for electric double-layer capacitors
(EDLCs). The incorporation of these materials brings forth
numerous advantages, such as affordability, chemical stability,
and widespread availability. These factors collectively contribute
to enhancing the overall performance of supercapacitors.15–17

POPs are characterized by a multidimensional porous network
interconnected by covalent bonds.18

The extensive range of building blocks and reaction path-
ways available allows for the creation of POP materials with
diverse architectures and a wide range of characteristics.19

Materials made of POPs have a number of notable qualities,
including ease of fabrication, large surface area, a variety of
porosities, outstanding thermal stability, a wide light spec-
trum, and advantageous optoelectronic capabilities.20–22 POPs
are therefore suitable for a wide range of applications, includ-
ing energy storage, photoredox catalysis, gas separation, ion
detection, and H2 production.23–27 However, supercapacitors
have a critical limitation that severely restricts their potential
uses: their low energy density. As a result, significant research
has been devoted to investigating strategies like electrode
nanostructuring to increase the energy density of
supercapacitors.28–30 The combination of CMPs with other
conductive carbon materials like graphene and carbon nano-
tubes (CNTs) presents a more effective strategy for enhancing
the conductivity of CMPs, thereby elevating their electro-
chemical performance.31,32 Notably, CNTs offer an expansive
surface area that is conducive to charge storage, making them
excellent candidates for supercapacitor electrode materials.
Their superior electrical conductivity, surpassing that of other
carbon-based materials, facilitates rapid charging and dischar-
ging processes. Consequently, we propose that the synergistic
integration of the porous nature of CMPs with the conductivity
of CNTs holds greater promise for enhancing electrode
materials compared to their individual deployment. It has
been demonstrated that SWCNTs considerably enhance the
electrochemical performance of supercapacitors. The special
characteristics of SWCNTs, such as their distinct structure,
high conductivity of electricity, and superior SBET, may be
responsible for this improvement. These characteristics enable
the quick and effective movement of electrons as well as ions
inside electrode materials, enhancing the overall performance
of supercapacitors.1,4,33–38 Additionally, SWCNTs can increase
the mechanical stability and hardness of electrode materials,
making them highly desirable for outstanding energy storage
device performance.1,31,39 Crown ethers (CEs) have been
employed as materials for electrodes in supercapacitors
because of their unique properties. The electron-rich cavities
included in CEs may enhance the capacitive characteristics of
electrodes, thereby enhancing the electrochemical perform-
ance of the supercapacitor.40 Additionally, due to the inherent
affinity of CEs for cations, the electrode may become more
selective towards certain ions, increasing the efficiency and
cycling stability of the supercapacitor.41,42 In this study, the [4
+ 4] Schiff base condensation approach was utilized to success-
fully synthesize a novel porous organic polymer (POP) named
CE-Py POP by combining crown ether and pyrene.

Rigorous analytical methods were employed to confirm the
structure of CE-Py POP, revealing its impressive char yield and
thermal stability. By leveraging π–π interactions, SWCNTs were
integrated with CE-Py POP to create materials suitable for
supercapacitor devices, resulting in the formation of a CE-Py
POP/SWCNT nanocomposite. Remarkably, the CE-Py POP/
SWCNT nanocomposite exhibited exceptional capacitance
retention of 97.6% and a noteworthy specific capacitance value
of up to 346 F g−1 as demonstrated through galvanostatic
charge–discharge (GCD) studies.

Experimental
Materials

Hydrazine monohydrate (NH2NH2·H2O), acetic acid (AcOH),
absolute ethanol (EtOH), 4-formylphenylboronic acid [4-
CHOPhB(OH)2], MeOH, and DMF were bought from Sigma-
Aldrich. Pd/C (10 wt%), 1,4-dioxane (DO), and dichloro-
methane (CH2Cl2, DCM) were purchased from Acros.
Potassium carbonate (K2CO3, 99.99%) and 1-fluoro-4-nitro-
benzene were obtained from Alfa Aesar. SWCNTs were ordered
from the Center of Biochemistry Technology. trans-Di(amino-
benzo)[18]crown-6 (CE-2NH2) and 1,3,6,8-tetrabromopyrene
(Py-Br4) were synthesized using previously reported
procedures.40,43

Synthesis of dibenzo-crown ether-4NO2 (CE-4NO2)

A mixture of CE-2NH2 (1 g, 2.56 mmol), 1-fluoro-4-nitro-
benzene (1.63 mL, 15.38 mmol), K2CO3 (6.37 g, 46.09 mmol),
Cu (0.033 g) and DMF (30 mL) was heated and stirred at
110 °C for 24 hours (under N2). Following the reaction, the
mixture underwent filtration to remove the solid, and sub-
sequently, the DMF solvent was evaporated, resulting in the
formation of a viscous brown solid. The brown solid was then
dissolved in DCM and added dropwise into methanol to
obtain CE-4NO2 as a brown powder.

Synthesis of dibenzo-crown ether-4NH2 (CE-4NH2)

A mixture of CE-4NO2 (1 g, 1.14 mmol), Pd/C (1.63 mL,
6.86 mmol), DO (40 mL), and EtOH (20 mL) was stirred at
90 °C for 1 hour. After the duration of one hour, a gentle
addition of 1.89 mL (38.96 mmol) of NH2NH2·H2O was made
to the reaction solution, which was subsequently refluxed at
90 °C for a period of two days. The resulting mixture was sub-
jected to filtration to eliminate any unreacted Pd/C, followed
by evaporation of the solvent under reduced pressure. This
process led to the formation of CE-4NH2 as a white powder.
Finally, water was used to wash the white powder to make it
pure.

Synthesis of Py-4CHO

A mixture of Py-Br4 (1.00 g, 1.93 mmol), 4-CHOPhB(OH)2
(1.74 g, 11.6 mmol), Pd(PPh3)4 (0.12 g, 0.10 mmol), and K2CO3

(2.1 g, 15 mmol) was stirred in 30 mL of 1,4-dioxane under a
nitrogen atmosphere at a temperature of 85 °C for a duration
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of 72 h. An ice-and-concentrated hydrochloric acid solution
was added to the resultant suspension, which had a yellow
appearance. The yellow material was then extracted with
CHCl3 after being filtered and washed three times with 2 M
HCl and H2O The resulting product was then dried and sub-
jected to recrystallization from hot CHCl3, resulting in the for-
mation of Py-4CHO as a bright yellow powder (yield: 70%).
FTIR (cm−1): 3063 (C–H stretching for the Py unit and aryl
units), 1697 (CvO), and 1599 (CvC).

Synthesis of CE-Py POP

A series of freeze–pump cycles were conducted on Pyrex tubes
containing CE-4NH2 (100 mg, 0.13 mmol), Py-4CHO (81 mg,
0.13 mmol), DO (5 mL), mesitylene (5 mL) and 1 mL of AcOH
(6 M). The tube was subjected to freezing in a liquid nitrogen
bath. Subsequently, the solution was heated at 90 °C for a dur-
ation of 72 hours. The mixture underwent filtration and was
subsequently subjected to a purification process involving
THF, DI water, MeOH, and acetone. This purification pro-
cedure yielded brown CE-Py POP powder with an 82% overall
yield.

Preparation of the CE-Py POP/SWCNT nanocomposite

In a tube, CE-Py POP (2 mg) and SWCNTs (2 mg) were mixed
in methanol (2 mL) and stirred for 1 day. After evaporating the
methanol, and to prepare the CE-Py POP/SWCNT nano-

composite, the remaining material was subjected to a 24-hour
baking process in an oven.

Results and discussion
Synthesis of the CE-4NH2 monomer

Previously, we successfully synthesized dibenzo-crown ether-
2NH2 (CE-2NH2) with high purity and high yield.43 Here,
CE-2NH2 was reacted with 1-fluoro-4-nitrobenzene in the pres-
ence of K2CO3 and Cu to give dibenzo-crown ether-4NO2

(CE-4NO2) as a brown powder. Dibenzo-crown ether-4NH2

(CE-4NH2) as a gray powder was synthesized by employing a
reduction reaction of CE-4NO2 using NH2NH2·H2O in the pres-
ence of 10 wt% Pd/C in absolute ethanol (EtOH) with the
addition of DO as a co-solvent [Fig. 1(a)]. The FTIR spectrum
of each compound obtained at room temperature is shown in
Fig. 1(b). FTIR signals are visible in the profile of CE-2NH2 at
3429 and 3357 cm−1, representing symmetric and asymmetric
N–H stretching, respectively. The FTIR profile of CE-4NO2 has
signals at 1514 and 1342 cm−1 representing NO2 stretching.
The FTIR spectrum of CE-4NH2 has signals at 3439 and
3356 cm−1, also representing N–H stretching, and all com-
pounds exhibit absorption at ca. 1135 cm−1 due to the ether
unit of the CE. In order to confirm the chemical structures of
the synthesized compounds, we employed NMR spectroscopy
along with FTIR spectroscopy, both performed at room temp-

Fig. 1 (a) Synthesis of CE-4NH2 from CE-2NH2 and CE-4NO2 and their corresponding (b) FTIR, (c) 1H NMR, and (d) 13C NMR spectra.
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erature, and the 1H and 13C NMR spectra are displayed in
Fig. 1(c) and (d), respectively. The 1H NMR pattern of CE-2NH2

has signals for the aryl ring, NH2, and OCH2 at 6.65–6.01, 4.63,
and 3.99–3.73 ppm, respectively. The aromatic ring and OCH2

exhibit peaks in the 1H NMR profile of CE-4NO2, respectively,
at 8.52–6.81 ppm and 4.11–3.76 ppm, while the signal for the
NH2 unit at 4.63 ppm is totally absent. Upon reduction, the 1H
NMR spectrum of CE-4NH2 exhibited distinct signals corres-
ponding to the aromatic ring protons (6.76–6.04 ppm), NH2

protons (4.85 ppm), and OCH2 protons (3.93–3.75 ppm). The
13C NMR profile of CE-2NH2 displayed peaks for the carbon
nuclei of the aromatic ring and OCH2 units at
150.15–101.11 ppm and 69.93–66.85 ppm, respectively. In the
13C NMR spectrum of CE-4NO2, the carbon nuclei associated
with the aromatic units were observed in the range of
152.47–112.4 ppm, while the carbon nuclei corresponding to
the OCH2 units were detected in the range of
68.67–67.60 ppm. After the reduction process, the 13C NMR
spectrum of CE-4NH2 revealed signals for the aromatic units
within the range of 149.33–115.38 ppm, while the carbon
nuclei of the OCH2 units exhibited signals within the range of
69.43–67.85 ppm. As a consequence, every characterization
result supported the exceptional purity of the CE-4NH2

monomer.

Synthesis and characterization of CE-Py POP

We prepared CE-Py POP through a Schiff base condensation
reaction of Py-4CHO with CE-4NH2 [Fig. 2(a)]. Fig. 2(b) shows
the FTIR peaks of CE-4NH2, Py-4CHO, and CE-Py POPs at
ambient temperature. For CvN and C–O–C units, the FTIR
pattern of CE-Py POP revealed absorption signatures at 1625
and 1130 cm−1. Moreover, after the Schiff base condensation
reaction, the absorption signal of the CE-4NH2 monomer for
the NH2 group at 3429 and 3357 cm−1 disappeared, and the
absorption signal of the Py-4CHO monomer for the CvO
group at 1701 cm−1 decreased. As shown in Fig. 2(c), the solid-
state 13C NMR (ssNMR) spectrum for insoluble CE-Py POP was
also used for structure identification.

The aromatic ring carbon nuclei and OCH2 exhibited
signals in the ssNMR pattern of CE-Py POP at
145.12–121.61 ppm and 69.97–67.42 ppm, respectively. As
shown in Fig. 2(d), we used TGA to compare the thermal stabi-
lity of CE-4NH2 and Py-4CHO monomers with that of CE-Py
POP in a nitrogen environment at 20 °C min−1. The values of
Td10 for CE-4NH2 and Py-4CHO monomers were 292 and
326 °C, respectively; the values of the char yield for CE-4NH2

and Py-4CHO monomers were 28 and 20 wt%, respectively.
The values of Td10 and char yield for CE-Py POP were enhanced

Fig. 2 (a) Synthesis of CE-Py POP from CE-4NH2 and Py-4CHO. (b–d) Results from their corresponding analyses: (b) FTIR spectra, (c) 13C solid-
state NMR spectra, and (d) TGA traces.
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to 416 °C and 67 wt%, respectively, after the Schiff base con-
densation process. This demonstrates enhanced thermal stabi-
lity and the formation of highly interconnected networks. We
measured the N2 adsorption/desorption isotherms and pore
size distribution of CE-Py POP at 77 K [Fig. 3(a) and (b)].
According to the definition of IUPAC, CE-Py POP exhibited type
III adsorption/desorption isotherms, and the specific surface area
and total pore volume were 28 m2 g−1 and 0.2 cm3 g−1,
respectively. These results are close to those of our and other
groups’ previous studies of crown ether (CE)-based POPs,
which reported specific surface area values of 21, 11, 33, and
47 m2 g−1, respectively.40,44,45 The pore size distribution result
showed that the CE-Py POP had microporous and mesoporous
characteristics in the range of 1.89–4.86 nm. We also used
SEM and HR-TEM to identify the surface morphology of CE-Py
POP [Fig. 3(c) and (d)]. The SEM image results for CE-Py POP
illustrated the formation of rod-shaped irregular structures,
and amorphous porous characteristics could be observed in
the measurement results of TEM. SEM–EDS measurements
also corroborated the existence of carbon (C), nitrogen (N),
and oxygen (O) atoms within the CE-Py POP structure
[Fig. S1†]. As shown in Fig. 4(a), CE-Py POP (2 mg) and
SWCNTs (2 mg) were mixed in methanol (2 mL) and stirred for

1 day. The remaining material was baked in an oven for
24 hours after the methanol had been evaporated to produce a
CE-Py POP/SWCNT nanocomposite.

TGA analyses were used to compare the thermal stabilities
of CE-Py POP and CE-Py POP/SWCNT nanocomposites in a
nitrogen environment at 20 °C min−1. After combining with
SWCNTs, the Td10 and char yield values for the CE-Py POP/
SWCNT nanocomposite increased to 511 °C and 79 wt%, respect-
ively. The values for Td10 and char yield for the CE-Py POP were
416 °C and 67 wt%, respectively, confirming that the addition of
SWCNTs can improve the thermal stability of the material. The
enhanced thermal stability within CE-Py-POP/SWCNT nano-
composites might stem from the physical barrier effect exerted by
dispersed carbon nanotubes (CNTs), which hinder the movement
of volatile decomposition products during thermal decompo-
sition. Fig. 4(c) and (d) display the TEM images of SWCNTs and
the CE-Py POP/SWCNT nanocomposite, and as shown in Fig. 4
(c1), pure SWCNTs mixed with methanol produced an aggregation
phenomenon, which could be confirmed from TEM [Fig. 4(c)].
However, when CE-Py POP was added to aggregated SWCNTs, the
CE-Py POP/SWCNT complexes dissolved [Fig. 4(d1)], and the
CNTs were significantly dispersed throughout the CE-Py POP
matrix due to the π–π stacking interaction between the CNTs and

Fig. 3 (a) N2 adsorption/desorption isotherms, (b) pore size distributions, (c) SEM image, and (d) TEM image of the CE-Py POP.
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the CE-Py POP [Fig. 4(d)]. We conducted measurements of N2

adsorption/desorption isotherms and analyzed the pore size dis-
tribution for both SWCNT and CE-Py POP/SWCNT samples at a
temperature of 77 K, as depicted in Fig. S2.† According to the
IUPAC classification, the N2 uptake profiles of SWCNTs exhibited
a type I isotherm, while those of CE-Py POP/SWCNTs displayed a
type III isotherm. Notably, the specific surface area and total pore
volume were observed to be 130 m2 g−1 and 0.74 cm3 g−1, respect-
ively, for SWCNTs, and 15 m2 g−1 and 0.14 cm3 g−1, respectively,
for CE-Py POP/SWCNTs. In terms of pore dimensions, the pore
sizes for SWCNTs ranged between 1.19 and 8.82 nm, while those
for CE-Py POP/SWCNTs were within the range of 2.33 to 5.72 nm.

Electrochemical performance of CE-Py POP and CE-Py POP/
SWCNT nanocomposite

Galvanostatic charge–discharge (GCD) and cyclic voltammetry
(CV) measurements were performed in 1 M KOH aqueous solu-
tion to evaluate the electrochemical performance of these com-
pounds. Fig. 5(a) and (b) present the CV curves of CE-Py POP

and the CE-Py POP/SWCNT nanocomposite. The potential
window was set between −1.0 V and 0.0 V (vs. Hg/HgO). The
electrode stability and capacitance from electric double-layer
capacitors (EDLCs) were demonstrated by the distinctive rec-
tangular humped shapes observed for both electrodes, which
remained consistent throughout the scan-sweeping
process34,46,47 The rectangular morphologies with distinct
humps are attributed to the reversible radical redox reactions
occurring during charge and discharge operations. These reac-
tions primarily involved electron-rich phenyl rings and nitro-
gen heteroatoms within the material. The pseudocapacitance
of these two electrodes may be attributed to nitrogen abun-
dance, which paved the way for efficient electron transmission
by improving contact with the electrolyte.1,48 The significant
rate capability and easy kinetics of these compounds are high-
lighted by the CV curves. Additionally, the GCD of CE-Py POP
and CE-Py POP/SWCNT were examined [Fig. 5(c and d)]. The
GCD profiles of all compounds have a bent-triangular struc-
ture, which implies pseudocapacitive and EDLC features. The

Fig. 4 (a) Synthetic route for the preparation of the CE-Py POP/SWCNT nanocomposite. (b) TGA analyses of the CE-Py POP/SWCNT nano-
composite. (c and d) TEM images of (c) pure SWCNT and (d) the CE-Py POP/SWCNT nanocomposite. Insets show photographs of pure SWCNTs (c1)
and the CE-Py POP/SWCNT nanocomposite (d1) in methanol.
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presence of nitrogen atoms in the molecules could be utilized
to elucidate the bent structure. Moreover, upon incorporating
SWCNTs, the CE-Py POP/SWCNT nanocomposite exhibited an
even longer discharge time, indicating higher capacitance.
Fig. 5(e) shows the specific capacitance as measured data; the
capacitance of CE-Py POP and the CE-Py POP/SWCNT nano-

composite was 122 and 346 F g−1, respectively, measured at
0.5 A g−1. As we are aware, SWCNTs exhibit exceptional conduc-
tivity within matrices, proving invaluable in scenarios where
conductivity poses a challenge, as observed in porous organic
polymers. The results from galvanostatic analyses vividly
demonstrate that employing the CE-POP as an electrode yields a

Fig. 5 (a and b) CV and (c and d) GCD profiles of (a–c) CE-Py POP and (b–d) the CE-Py POP/SWCNT nanocomposite. (e) Specific capacitance
profiles measured at various current densities and (f ) stability of CE-Py POP and the CE-Py POP/SWCNT nanocomposite.
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specific capacity of 122 F g−1. Remarkably, upon integrating
SWCNTs into the CE-Py POP composites, the specific capacity
experiences a substantial boost, soaring to 346 F g−1. This
unequivocally underscores the pivotal role played by SWCNTs
within the electrode matrix alongside porous polymers.
Moreover, we have conducted an assessment of the electro-
chemical performance of pristine SWCNTs, as presented in
Fig. S3.† Notably, SWCNTs exhibit the potential to offer
specific capacity values surpassing 101 F g−1, coupled with
their inherent conductivity enhancement, which underscores
their fundamental significance. The capacitance of the CE-Py
POP/SWCNT nanocomposite was three times greater than that
of CE-Py POP. Additionally, the porous shape of SWCNTs
offered diffusion channels and more effective electrolyte ion
transport, which enhanced capacitance. The specific capaci-
tance of both electrodes had been seen to drop with an
increase in current densities. The contact between the active
center of the electrode on the surface and the electrolyte
diminishes as the current density rises, lowering the specific
capacitance.49,50 The cycling stability and capacity retention of
these two electrodes were examined over 2000 cycles, with
capacity retentions of 96.8% and 97.6% for CE-Py POP and the
CE-Py POP/SWCNT nanocomposite, respectively. Since the

hydrophilic properties of the CNT surface enable pathways for
easy access to electrolyte ions, rapid mass movement and
improved electrochemical performance could arise from
enrichment with pyrene. The improved performance of the
CE-Py POP/SWCNT nanocomposite can be attributed to its
specific structure. The arrangement of the pyrene molecule’s
benzene rings forms a stacking structure with the CNTs. This
structure is conducive to enhanced electrochemical activity
and conductivity, as it facilitates electron dispersion.
Additionally, the stacking arrangement increases the porosity
of the nanocomposite, which helps in accommodating the
electrolyte and mitigating its effects.1,16 The energy density
values for CE-Py POP and CE-Py POP/SWCNT were 16.94 W
kg−1 and 48.05 W kg−1, respectively, at a power density of 250
W h kg−1, as illustrated in Fig. S4.† In addition to the two-elec-
trode performances of these compounds, we built a symmetric
supercapacitor coin cell as part of our assessment of their
practical usage. To assemble the coin cell (Fig. 6(d)), the com-
ponents included a bottom cover, a top cover, a metal spring,
a separator, an anode, a cathode, and an electrolyte from a
CR2032 coin cell. Our material was utilized as both the
cathode and anode in order to create a symmetric super-
capacitor. The slurry, prepared following the recommended

Fig. 6 (a) CV and (b) GCD profiles of the CE-Py POP/SWCNT nanocomposite. (c) Specific capacitance profiles of the CE-Py POP/SWCNT nano-
composite recorded at various current densities. (d) Schematic diagram of the CE-Py POP/SWCNT nanocomposite coin cell configuration.
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ratio provided in the article, was then coated onto carbon
paper. For the electrolyte, a Selemion AMV membrane and an
aqueous solution of 1.0 M KOH were employed. All electro-
chemical tests were conducted between −0.7 V and 0.3 V
potentials and at varied scan rates between 5 and 200 mV s−1.
Fig. 6(a) represents the cyclic voltammetry profiles of sym-
metric coin cells for supercapacitors measured at scan rates of
5 to 200 mV s−1 for the CE-Py POP/SWCNT nanocomposite.
The EDLC and pseudocapacitive properties of the electrode
materials contributed to giving these CV curves their essen-
tially rectangular shape. As we increased the scan speeds from
lower to higher, the current density increased, highlighting the
improved stability and improved kinetics of these electrode
materials.51–57 The GCD curves were evaluated at different
current densities and are shown in Fig. 6(b). These GCD curves
exhibited triangular shapes with slight bends, which indicated
EDLC and pseudocapacitive characteristics.58–61 The specific

capacitance of the CE-Py POP/SWCNT nanocomposite was cal-
culated as 189 F g−1 at 1 A g−1 [Fig. 6(c)]. A schematic diagram
of the CE-Py POP/SWCNT nanocomposite coin cell configur-
ation is shown in Fig. 6(d). Thus, this porous organic polymer
demonstrates existing potential as electrode material for real-
life energy storage applications, as presented in Table S1.† The
CE-Py POP/SWCNT-AS nanocomposite incorporated within the
device demonstrated a remarkable maximum energy density of
26.25 W h kg−1, accompanied by a power density of 500 kW
kg−1, as elegantly illustrated in the Ragone plots (Fig. S5†).
Notably, this energy density value stands in direct competition
with recently documented SSC devices, such as PAQTA//PAQTA
(18 W h kg−1),62 Fc-CMPs/rGO//Fc-CMPs/rGO (8 W h kg−1),63

and PANI/NCNT//PANI/NCNT (11.1 W h kg−1).64 EIS, electro-
chemical impedance spectroscopy, is a useful technique for
describing electrode–electrolyte interfaces in a certain fre-
quency range. The obtained fitted data are listed in Table S2.†

Fig. 7 Nyquist plot of (a) CE-Py POP, CE-Py POP/SWCNT, and (b) the CE-Py POP/SWCNT-AS (device) nanocomposite. (c) Bode plots of frequency-
dependent resistance (magnitude) and (d) Bode plots of the frequency-dependent phase angle of CE-Py POP, CE-Py POP/SWCNT and CE-Py POP/
SWCNT-AS (device) nanocomposite POPs.
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Fig. 7(a) and (b) show the Nyquist plots of CE-Py POP, CE-Py
POP/SWCNT, and CE-Py POP/SWCNT-AS (device) with an elec-
trical equivalent circuit (inset), respectively. Based on the col-
lected data, the CE-Py POP, CE-Py POP/SWCNT, and CE-Py
POP/SWCNT-AS (device) provided measurements for the first
series resistance, which is commonly referred to as the ohmic
resistance, of 6.54, 5.60, and 39.13 Ω, respectively. Thus, the
inclusion of SWCNT demonstrated the lowest resistance in
CE-Py POP/SWCNT compared to that in CE-Py-POP, which as a
result, provided the highest specific capacitance. The
assembled two-electrode device has provided a significant
value for series resistance. The charge transfer values for these
electrodes were found to be 26.30, 10.43, and 76.80 Ω for
CE-Py POP, CE-Py POP/SWCNT, and CE-Py POP/SWCNT-AS
(device). Upon observation, the electrode employing SWCNT
has delivered lower charge transfer compared to its CE-Py-POP
counterpart. Furthermore, the charge transfer of the
assembled device did not increase too much and delivered a
moderate value of 76.80 Ω. In Fig. 7(c), the frequency-depen-
dent magnitude Bode plots are depicted, showing lines charac-
terized by a small resistance in the higher-frequency range and
a negative slope in the lower-frequency region. Based on this
knowledge, we inferred that all three of these porous materials
will exhibit remarkable capacitive behavior when utilized as
electrode materials for energy applications. In addition to this,
Fig. 7(d) demonstrates frequency-dependent phase-angle Bode
graphs for all three electrodes. The estimated knee frequencies
were calculated based on the Nyquist plot. The knee frequency,
which is typically attained when the phase angle reaches 45°,
is a measure of an electrode material’s rate performance. Both
the capacitive and resistive characteristics become equal in
such circumstances. The knee frequencies for CE-Py POP,
CE-Py POP/SWCNT, and CE-Py POP/SWCNT-AS (device) were
evaluated to be around 830, 290, and 2.48 Hz, respectively. As
a result, all of the electrodes have exhibited a significant knee
frequency indicating their potential when used as electrode
materials in energy storage applications.20,25,51,65–67

Conclusions

We successfully synthesized a porous organic polymer contain-
ing CE-4NH2 and Py monomers through Schiff base conden-
sation and we named this polymer CE-Py POP. The CE-Py POP/
SWCNT nanocomposite, formed by combining the CE-Py POP
and SWCNTs, was evaluated for its suitability as an electrode
material in supercapacitor devices. Compared to CE-Py POP,
the CE-Py POP/SWCNT nanocomposite exhibited improved
cycling stability, retaining 97.6% of its capacitance, and
demonstrated a higher specific capacitance of 346 F g−1. Our
results demonstrate the potential of the CE-Py POP/SWCNT
nanocomposite for higher-performance charge storage. This
study introduces an innovative and straightforward approach
involving π–π stacking interactions to create composite
materials based on POPs. These composites exhibit excep-
tional performance in the field of energy storage.
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