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ABSTRACT: We successfully synthesized three perylene dianhy-
dride (PDI)-based conjugated microporous polymers (CMPs),
namely, Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs,
through a Suzuki−Miyaura coupling reaction. The precursors
used in the reaction contained brominated compounds of pyrene
(Py), tetraphenylethylene (TPE), triphenylamine (TPA), and 1,4-
benzeneboronic acid, which were coupled with redox-active PDI
unit. To evaluate the thermal stability, molecular structure, and
porosity properties of the synthesized CMPs, we conducted an
examination of their Brunauer−Emmett−Teller isotherm, along with spectroscopic and microscopic analyses. These CMPs
demonstrated moderate thermal stability based on thermogravimetric analysis. In terms of electrochemical performance, the Py-Ph-
Pery CMP exhibited a high capacitance of 300 F g−1 (measured at 0.5 A g−1), indicating its excellent capacitive properties.
Furthermore, the Py-Ph-Pery CMP displayed exceptional cycle stability at 10 A g−1, retaining more than 93% of its capacity over
5000 cycles. The findings illustrate the potential of these CMPs for reliable and durable energy storage applications. Additionally, we
utilized synthesized CMPs to assess the electrochemical characteristics of a symmetric coin supercapacitor. The results further
validate the suitability of these CMPs for practical electrical energy storage applications, highlighting their significant promise.
KEYWORDS: perylene-3,4,9,10-tetracarboxylic acid dianhydride, Suzuki−Miyaura reaction, conjugated microporous polymers, porosity,
supercapacitors

■ INTRODUCTION
The escalating energy consumption has resulted in the
exacerbation of global warming,1−6 primarily caused by
greenhouse gas emissions from the combustion of fossil
fuels.7,8 To tackle these challenges, it is crucial to prioritize the
development of efficient energy storage technologies. In an ideal
scenario, we should prioritize using healthier and more
sustainable resources to meet the growing energy demand.
Energy storage plays a vital role in realizing the full potential of
green and renewable energy sources such as solar, wind, and
biomass.2,9−11 Among the various energy storage technologies
available, rechargeable electrochemical energy storage stands
out as a promising option due to its high efficiency, especially for
larger smart-grid energy storage systems (ESSs).12,13

Batteries and supercapacitors (SCs) are two commonly used
electrical energy storage technologies. SCs have drawn much
interest because of their outstanding benefits against batteries
and fuel cells. They exhibit remarkable rate performance,
offering high power densities and extended cycling lives that
often exceed 100,000 cycles. SCs use two in close proximity
layers of opposing charge to serve as energy storage devices.
They find applications in various electronic devices, memory

backup systems, and electric vehicles.14 SCs can be divided into
two categories: electric double-layer capacitors (EDLCs) and
pseudo-capacitors, based on different charge storage pro-
cesses.7,15−20 Among these, EDLCs, known for their exception-
ally long cycle lifetimes, high power densities, low maintenance
costs, and environmentally friendly compositions, are widely
used as energy storage devices.3,21−23 Overall, SCs, particularly
EDLCs, are highly favored energy storage solutions due to their
remarkable characteristics and wide range of applications. In the
field of SCs, the commonly used electrode materials include
metal oxides and hydroxides, porous carbon materials, and
conductive polymers.7 Among these, microporous materials
have demonstrated a significant value in various academic and
industrial applications.24
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Conjugated microporous polymer (CMP) networks are
gaining increasing importance in energy storage, catalysis, gas
storage, and other areas.25−31 CMPs are a type of organic porous
polymers characterized by a conjugated framework and a
structure featuring micropores.32−36 These polymers have
shown exceptional electrochemical performance in SC studies.37

CMPs are a subclass of porous organic polymers that exhibit π-
conjugation within their microporous structures.38−40 The
unique feature of CMPs lies in their ability to be synthesized
with a wide range of architectures and characteristics, thanks to
the availability of diverse building blocks and reaction pathways.
The versatility and adjustability of CMPs make them highly
desirable for SC applications. They offer the potential for
developing efficient and customized electrode materials
specifically tailored for ESSs.
Various methods have been employed to synthesize CMPs,

including conventional coupling techniques like Sonogashira−
Hagihara,41−43 Suzuki−Miyaura,44−47 and Yamamoto cou-
pling,47,48 as well as oxidative polymerization.49−51 These
methods have been used to create CMPs with diverse structures
and properties.52,53 In particular, quinones (phenols) and their
derivatives, which are organic compounds with a benzoquinone
structure, have been widely used in batteries and other devices
that store energy.54−56 With their outstanding cheap cost,
morphological variety, great theoretical capacity, versatility, and
sustainability, these molecules are a rare find. The favorable
electrochemical characteristics of organic molecules, such as
cycle stabilities and acceptable energy densities, have led to
increased interest in their application within the field of SCs.57,58

Recently, there has been growing attention toward the
utilization of redox-active small organic compounds in organic
SCs (OSCs).56,59,60 OSCs possess the necessary redox proper-
ties, structural flexibility, sustainability, and a minimal ecological
footprint. The potential of OSCs to offer effective and
environmentally friendly energy storage solutions, combining
the advantages of organic molecules with the desired character-
istics of SCs, is what drives their increasing popularity.59,60

Today, electrode materials derived from abundant natural
sources are widely used. Small organic molecules intended for
use as redox electrode materials in SCs must fulfill several
requirements: (i) exhibit faradaic charge−discharge character-
istics in the solid state within an aqueous electrolyte environ-
ment; (ii) be insoluble in the electrolyte during electrochemical
processes; (iii) demonstrate cycling stability; and (iv) possess
high power and energy densities.59,60

One class of compounds that have found application as
electrodes in various SC systems is perylene dianhydride
(PDI).56,61 PDI offers key features, such as the creation of
large surface area structures driven by interactions and the
participation of delocalized electrons in reversible redox
processes.62 Pyrene (Py) has a distinctive planar fused ring
structure and is made up of four benzene rings. Given its
intriguing mix of electrical and structural features, Py, the
smallest condensed polycyclic aromatic hydrocarbon, has
received a great deal of research attention.63,64 Py is utilized to
enhance the charge transport properties of organic semi-
conductors based on p-conjugated systems by controlling
molecule accumulation.63,64 Py has a number of outstanding
features, including heat stability, high fluorescence quantum
efficiency, and high carrier mobility.63,64 In this study, three PDI-
based conjugated microporous polymers (Py-Ph-Pery, TPE-Ph-
Pery, and TPA-Ph-Pery CMPs) were synthesized with high
yields. To achieve this, a Suzuki−Miyaura coupling reaction was

employed, combining different brominated derivatives of Py,
TPE, and TPA moieties with Pery-Br2 and PhB(OH)2. The
resulting three Pery-CMPs were thoroughly examined and
analyzed to determine their molecular composition, thermal
stability, porosity, surface morphologies, and crystallinity. The
findings of these investigations were subsequently identified and
discussed.

■ EXPERIMENTAL SECTION
Materials. 1,4-Benzeneboronic acid [PhB(OH)2, 95%], Py (98%),

N-bromosuccinimide (NBS, 99%), triphenylamine (TPA, 98%),
potassium carbonate (K2CO3, 99.9%), bromine solution (Br2),
perylene-3,4,9,10-tetracarboxylic acid dianhydride (Pery, 97%) and
anhydrous magnesium sulfate (MgSO4, 99.5%) were purchased from
Alfa Aesar. The details of the synthesis of the tetraphenyethene (TPE)
monomer are given in our previous work.3

Synthesis of 1,1,2,2-Tetrakis(4-bromophenyl) Ethene (TPE-Br4). In
a 250 mL round-bottom flask, a solution was prepared by combining
Br2 (7.23 mL, 144.6 mmol) and TPE (6.0 g, 18.1 mmol).

3 To this
mixture, glacial acetic acid (18 mL) and DCM (36 mL) were added.
The solution was then cooled down to 0 °C for half an hour, followed by
stirring at room temperature for 2 days to allow the reaction to proceed.
After the reaction was complete, 100 mL of ice water was prepared. The
reaction mixture was poured into the ice water and extracted using
DCM. The resulting solution was treated with MgSO4 to remove any
remaining water. The solution was then subjected to rotary evaporation
to remove MgSO4, and methanol was added. The mixture was filtered
to obtain a white powder as the final product [Scheme S1]. M.p.: 262
°C. FTIR: 3051 and 1572 (C�C). 1H NMR: 7.3 (8H), 6.8 (8H). 13C
NMR: 142.3−122.8.
Synthesis of 1,3,6,8-Tetrabromopyrene (Py-Br4). Py (2.0 g, 9.6

mmol) was added to a 500 mL round-bottom flask containing
nitrobenzene (80 mL).20 The mixture was continuously stirred using a
magnetic stirrer for 4 h at a temperature of 120 °C. The solution was
allowed to cool once the reaction was finished. After filtered out,
ethanol was used to clean out the leftover solid. The resulting product
exhibited a pale-yellow color [Scheme S2]. FTIR (cm−1): 3054 (C−H
stretching for the Py unit).
Synthesis of Tris(4-bromophenyl)amine (TPA-Br3). TPA (1.63

mmol) was placed.18 To this flask, NBS (4.8 g, 4.92 mmol) was added,
which was previously dissolved in DMF (24 mL) in a dropwise manner.
The reaction mixture was kept in an ice bath with magnetic stirring
overnight. After the reaction was complete, the resulting mixture was
rinsed with DCM and thoroughly washed. This process was performed
to remove impurities and any unreacted compounds. Finally, a white
powder was obtained as the product of the reaction [Scheme S3].
M.p.:142 °C (DSC). FTIR (cm−1): 3078, 1618 (C�C). 1H NMR:
6.94 (6H), 7.4 (d, 6H). 13C NMR: 146.8−116.4.
Synthesis of 1,7-Dibromo Perylene Dianhydride (Pery-Br2). In a

round-bottom flask, Pery (2 g, 5.08mmol) was dissolved in sulfuric acid
(60 mL) while stirring at room temperature for 1 h. Following that,
iodine (0.11 g, 0.4 mmol) was added, and the mixture was refluxed at
100 °C for 45 min. Afterward, a solution of bromine (4.88 g, 31 mmol)
was added to the reaction mixture and left to react overnight at 100 °C.
Once cooled down, water was added drop by drop to the mixture,
resulting in the formation of a red precipitate. The precipitate was
washed by H2O and MeOH and subsequently dried, resulting in a yield
of red-colored product [Scheme S4]. FTIR (Figure S1): 3064, 1781
(C�O).
Synthesis of Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs. Py-

Br4 (0.39 mmol), Pery-Br2 (0.19 mmol), K2CO3 (3.11 mmol),
PhB(OH)2 (0.78 mmol), and Pd(PPh3)4 (0.04 mmol) were prepared
in DMF and water. The mixture was then heated at 110 °C for 24 h.
After the reaction, the resulting insoluble solid was separated by
filtration. The solid product was then dried under vacuum at 90 °C for
24 h, resulting in the formation of Py-Ph-Pery CMP as a dark-brown
solid. TPE-Ph-Pery CMP: TPE-Br4 (0.32 mmol), Pery-Br2 (0.16
mmol), PhB(OH)2 (0.18 mmol), K2CO3 (2.53 mmol), and Pd(PPh3)4
(0.04 mmol) in DMF/H2O to afford brown powder. TPA-Ph-Pery
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Figure 1. Preparation of the (a) Py-Ph-Pery, (b) TPE-Ph-Pery, and (c) TPA-Ph-Pery CMPs.

Figure 2. FTIR (a), 13C NMR (b), TGA (c), and XRD (d) profiles of Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs.
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CMP: TPA-Br3 (0.41 mmol), Pery-Br2 (0.21 mmol), PhB(OH)2 (0.66
mmol), K2CO3 (2.53 mmol), and Pd(PPh3)4 (0.04 mmol) to get a
brown solid.

■ RESULTS AND DISCUSSION
We utilized the bromination reaction outlined in Schemes S1−
S3 to prepare the brominated precursors of Py, TPE, and TPA.
To generate the building unit Pery-Br2, we reacted Pery with a
solution of Br2 in the presence of H2SO4 and traces of I2 at 100
°C, as depicted in Scheme S4. Figure 1 showcases the synthetic
methods employed to produce three Pery-CMPs: Py-Ph-Pery,
TPE-Ph-Pery, and TPA-Ph-Pery CMPs. These CMPs were
synthesized through effective Suzuki polymerizations of Py-Br4,
TPE-Br4, and TPA-Br3 with Pery-Br2 and PhB(OH)2 in the
presence of K2CO3/Pd as the catalyst in solutions of DMF and
H2O, resulting in the formation of brown solid products. To
assess the molecular characteristics and thermal degradation of
the Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs, we
conducted analyses using various techniques. The room-
temperature FTIR spectra of the Pery-CMPs are depicted in
Figure 2a, illustrating absorption signals related to the C−H
aromatic, C�O anhydride, and C�C aromatic groups. The
appearance absorption peaks of C�O groups for the redox-
active Pery units in all Pery-CMPs indicate the successful
incorporation of Pery units into the conjugated networks. ss 13C
NMR spectra (Figure 2b) proved the attainment of the Suzuki−
Miyaura reaction, leading to the amplification of Py-Ph-Pery

CMP, TPE-Ph-Pery CMP, and TPA-Ph-Pery CMP. The spectra
exhibited signals corresponding to carbon nuclei in the Pery
moiety, aromatic C�C, and the C�O groups in the Pery units.
For the Py-Ph-Pery CMP, these signals were observed at 177.20
and 145.35−117.95 ppm, respectively. For the TPE-Ph-Pery
CMP, the signals appeared at 178.00 and 147.05−117.56 ppm,
and for the TPA-Ph-Pery CMP, the signals were observed at
176.94 and 149.95−118.90 ppm. The combined findings of the
FTIR and ss 13C NMR spectra were used to confirm the
successful synthesis and presence of Pery redox units as
structural ingredients in these three CMPs. For thermogravi-
metric analysis (TGA), we heated all three Pery-CMPs in a N2
atmosphere to temperatures ranging from 40 to 800 °C (Figure
2c). Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs
experienced 10% weight losses at temperatures of 498, 186,
and 392 °C, respectively, under N2 conditions. At 800 °C, the
char yields of Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery
CMPs were 80, 56, and 65 wt %, respectively. TGA
demonstrated that our Pery-CMP materials exhibited enhanced
thermal stability. Thus, these Pery-linked CMPs possess
improved thermal stabilities, making them potentially valuable
in various practical applications. Investigations using powder X-
ray diffraction (PXRD) proved that all of the produced CMPs
are in an amorphous state (Figure 2d).
To estimate SBET, total pore volumes (Vtotal), and pore size

diameters of Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery
CMPs, we performed N2 adsorption and desorption tests at

Figure 3. BET and pore diameter distribution profiles of Py-Ph-Pery (a, d), TPE-Ph-Pery (b, e), and TPA-Ph-Pery CMPs (c, f).
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77 K (Figure 3). Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery
CMPs desorption processes all displayed detectable hysteresis,
which suggested the presence of mesoporous framework
structures. Additionally, according to the IUPAC classification,
the N2 isotherm profiles of the Py-Ph-Pery, TPE-Ph-Pery, and
TPA-Ph-Pery CMPs showed type II and type IV curves, which
suggested porous structures (Figure 3a−c).
The SBET and Vtotal values for the Py-Ph-Pery CMP were 656

m2 g−1 and 0.09 cm3 g−1, respectively. For TPE-Ph-Pery CMPs,
the corresponding values were 16 m2 g−1 and 0.05 cm3 g−1, while
for the TPA-Ph-Pery CMP, the values were 12 m2 g−1 and 0.04
cm3 g−1. Moreover, the pore diameters of Py-Ph-Pery, TPE-Ph-
Pery, and TPA-Ph-Pery CMPs are 1.78−2.3, 2.34, and 3.19 nm,
respectively (Figure 3d−f). The difference in the Brunauer−
Emmett−Teller (BET) surface area between the Py-Ph-Pery-
CMP sample and the TPE-Ph-Pery CMP and TPA-Ph-Pery

CMP samples may be owing to the Py molecule’s molecular
alignment during the procedure of polymers, which led to an
elevated level of polymerization. The nanoscale size of these
pores indicated the mesoporosity of the Pery-CMP frame-
works.65

SEM and TEM analyses were employed to analyze the
morphologies of the Py-Ph-Pery CMP, TPE-Ph-Pery CMP, and
TPA-Ph-Pery CMP (Figure 4). SEM pictures [Figure 4a−c]
revealed the presence of small aggregated spherical particles in
all three Pery-CMPs. Additionally, the TEM photos [Figure
4d−f] showed bright and alternating clogged pores, indicating
the porous structure of the Pery-CMPs.
Electrochemical Performance of Pery-CMPs in Three-

Electrode and Symmetric Coin Cell Systems. The
electrochemical performance of Pery-CMPs was evaluated
using cyclic voltammetry (CV) and galvanostatic charge−

Figure 4. SEM and TEM images of Py-Ph-Pery (a, d), TPE-Ph-Pery (b, e), and TPA-Ph-Pery CMPs (c, f).

Figure 5. CV and GCD profiles of (a, d) Py-Ph-Pery, (b, e) TPE-Ph-Pery, and (c, f) TPA-Ph-Pery CMPs recorded in KOH (1 M).
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discharge (GCD) profiles in a 1.0 M KOH aqueous solution.
Figure 5a−c exhibits the CV curves of the entire set of Pery-
CMPs, encompassing a broad spectrum of scan speeds (ranging
from 5 to 200 mV s−1) and a potential range spanning from−1.0
to 0.0 V. The CV curves exhibited a distinctive quasi-rectangle-
like humped shape, indicating reliable current sweeps and
representing capacitance from EDLCs. The SC’s storage
capabilities are influenced by both redox and EDLC processes.
In the CV curve of the Py-Ph-Pery CMP, two prominent redox
peaks were observed�an oxidation peak at 0.42 V and a
reduction peak at 0.45 V relative toHg/HgO. This demonstrates
the significance of redox processes in the material’s behavior. In
the CV curve of the TPE-Ph-Pery CMP, two prominent redox
peaks or humps were observed�an oxidation peak at 0.67 and
−0.41 V, a reduction peak at−0.75, and−0.43 V relative to Hg/
HgO. In the CV curve of the TPA-Ph-Pery CMP, two prominent
redox peaks or humps were observed�an oxidation peak at
−0.54 V and a reduction peak at −0.56 V relative to Hg/HgO.
This demonstrates the significance of redox processes in the
material’s behavior. This proves that the CV curves of both CMP
exhibited a distinctive quasi-rectangle-like humped shape,
indicating reliable current sweeps and representing capacitance
from EDLC. When compared to TPE-Ph-Pery and TPA-Ph-
Pery CMPs, Py-Ph-Pery CMP’s wide surface and smaller pore
dispersion aremore significant due to their distinct differences in
CV shape. This is because the total capacitance of the Py-Ph-
Pery CMP is spread across the entire voltage range. The CV
curves reveal that the specific capacitance falls when the scan rate
rises as the oxidation−reduction process cannot fully react
within shorter scan durations. Additionally, the compounds’
capacitance and GCD curves were investigated at current
densities from 0.5 to 20 A g−1 (Figure 5c−f). The GCD curves
displayed a triangular shape with a slight bend, indicating both
EDLC and pseudo-capacitive characteristics.66−68 All com-
pounds’ discharge times were longer than their charging times,
which suggest greater capacitance.67 Higher capacitance was
achieved at low scan rates because slower scan rates allow ions in
the electrolyte sufficient time to reach and interact with all the
active sites present in the charged materials. In contrast, faster
scan rates facilitate more rapid access of the electrolyte to the
electroactive components, resulting in a reduction in capaci-
tance.66−68

When evaluated at a current density of 0.5 A g−1, the Py-Ph-
Pery CMP exhibited a specific capacitance of 300 F g−1, while
TPE-Ph-Pery and TPA-Ph-Pery CMPs displayed capacitances
of 82 and 68 F g−1, respectively (Figure 6a). Evenwith increasing
current density, the Py-Ph-Pery CMP exhibited better specific
capacitance compared to the TPE-Ph-Pery CMP and TPA-Ph-
Pery CMP. The parent molecules’ composition and dimension
can be used to explain this propensity. The fused benzene rings
in the Py subunit of the Py-Ph-Pery CMP facilitated strong
contact and stable electron conductivity, creating pores for
electrolyte ion transport.69 Additionally, the larger surface area
of the Py-Ph-Pery CMP contributed to its superior performance.
As the current density increased, the specific capacitance of all
three compounds gradually decreased. Charge storage occurred
largely on the outside active surface because at higher current
densities, ions in the electrolyte were unable to pass through the
pores.68 The long-term stability of these Pery-CMP compounds
for electrochemical energy storage applications was demon-
strated by their performance over 2000 charge/discharge cycles
at 10 A g−1, as shown in Figure 6b. The capacity retention over
these cycles was determined to be 93% for the Py-Ph-Pery CMP,

90% for the TPE-Ph-Pery CMP, and 88% for the TPA-Ph-Pery
CMP. Based on the data, the Py-Ph-Pery CMP and TPA-Ph-
Pery CMP exhibited better capacity retention and cycle
durability among the three porous composites. This behavior
can be attributed to the fused Py moieties in Py-Ph-Pery and the
TPA-Ph-Pery CMP, which form strong π−π stacking within the
units, contributing to the stability and integrity of the materials
over extended cycling periods. Furthermore, the energy density
of thematerials was determined based on the Ragone plot shown
in Figure 6c. The energy density values for the Py-Ph-Pery CMP,
TPE-Ph-Pery CMP, and TPA-Ph-Pery CMP were found to be
41.6, 11.3, and 9.44 Wh kg−1, respectively. This indicates that
the Py-Ph-Pery CMP exhibited the highest energy density,
followed by the TPE-Ph-Pery CMP and TPA-Ph-Pery CMP.
Table S1 presents the comparative performance analysis of our
Pery-CMPs as organic electrodes in SC applications compared
to other porous electrode materials.
Electrochemical impedance spectroscopy (EIS) was em-

ployed to examine the electrode−electrolyte interface within a
specific frequency range in this study. A 1.0 M KOH aqueous
solution was used as the electrolyte. The EIS curves were
analyzed by fitting them with an equivalent circuit comprising
several components, including Rs (equivalent series resistance),
Rct (charge transfer resistance), CPE-EDL (constant phase
element representing electric double-layer capacitance), CPE-P
(constant phase element representing pseudo-capacitance), and
Zw (Warburg element) (Figure 7a,b). The initial series
resistance (Ohmic resistance) for TPA-Ph-Pery, TPE-Ph-Pery,
and Py-Ph-Pery CMPswas determined to be 25.3, 26.1, and 11.2
Ω, respectively. Among the three compounds, the Py-Ph-Pery
CMP exhibited the lowest resistance, indicating its favorable
characteristics as an electrode material. Furthermore, the
frequency-dependent magnitude Bode plot (Figure 7c) shows
that all three porous materials exhibit outstanding capacitive
performance when utilized as electrode compounds for energy-
related applications. The frequency-dependent phase angle
Bode plot (Figure 7d) revealed the knee frequencies, which are a
sign of how quickly electrode materials work. The knee
frequency is the frequency at which the capacitive and resistive
features of the material are equal, and it serves as a measure of
rate performance. Based on Figure 7d, the calculated knee
frequencies for TPA-Ph-Pery, TPE-Ph-Pery, and Py-Ph-Pery
CMPs were 360.99, 65.43, and 144.29 Hz, respectively. These

Figure 6. (a) Specific capacitance, (b) cycling stability profile, and (c)
Ragone plot of Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs.
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findings show the materials’ ability to use as electrodes in storing
energy technologies.70

In our work, we utilized a CR2032 coin cell as the
experimental setup, which consists of several components,
including a bottom and top cover, metal spring, separator,
anode, cathode, and electrolyte. The purpose was to investigate
the electrochemical behavior of a symmetric SC (SSC).
Specifically, we employed Pery-CMPs synthesized as both the
cathode and anode materials of the symmetric SC. To prepare
the CMP slurry, we followed the procedures outlined in our
study and cast it onto carbon paper. The Selemion AMV
membrane and a 1.0 M aqueous KOH electrolyte were used in
our experiments. The electrochemical performance of the SSCs
was assessed by performing CV measurements, covering a wide
potential range of −0.6 to +0.6 V, while varying the scan speeds
from 5 to 200 mV s−1. The resulting CV curves (Figure 8a−c) of
the Pery-CMPs exhibited characteristic rectangular shapes and
crests in the lower potential region, indicative of SCs possessing
both double-layer and pseudo-capacitive properties. Notably,
the electrodes demonstrated favorable stability as the scan rate
increased, signifying enhanced rate capability and material
durability. Furthermore, we performed GCD measurements on
the Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs electro-
des, examining their performance at 1 to 10 A g−1 (Figure 8d−f).
The GCD profiles exhibited nearly triangular shapes with minor
curves, reflecting the synergistic impacts of pseudo-capacitance
and EDLC.
At a current density of 1 A g−1, the capacitances of the Py-Ph-

Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs were identified as
84, 26, and 23 F g−1, respectively (Figure 9a). Notably, the Py-
Ph-Pery CMP electrode demonstrated a higher capacitance
compared to the other CMPs, likely due to its larger surface area

facilitating improved ion mobility. To evaluate the cycling
stability of the Pery-CMPs, we subjected them to 5000 charge−
discharge cycles at 10 A g−1 (Figure 9b). The TPA-Ph-Pery
CMP exhibited superior capacity retention (93.23%) compared
to the Py-Ph-Pery CMP (87.85%) and TPE-Ph-Pery CMP
(87.36%). This enhanced stability of the TPA-Ph-Pery CMP can
be attributed to the presence of hetero atoms, which improve the
interaction between the electrolyte and electrode, thereby
contributing to higher capacity retention. The energy densities
of the Py-Ph-Pery CMP, TPE-Ph-Pery CMP, and TPA-Ph-Pery
CMP were found to be 23.33, 7.32, and 6.49 Wh kg−1,
respectively (Figure 9c). Overall, our study demonstrated the
promising electrochemical performance of the synthesized
CMPs as cathode and anode materials in SSCs. The CMPs
exhibited desirable capacitance, rate capability, and cycling
stability, making them potential candidates for energy storage
applications.

■ CONCLUSIONS
We have successfully synthesized redox-active PDI-based CMPs
using a simple Suzuki−Miyaura coupling process. These CMPs
possess notable features such as extended π-conjugation (Py-Ph-
Pery and TPE-Ph-Pery CMPs) and the inclusion of heteroatoms
(TPA-Ph-Pery CMP). The impact of these characteristics on the
performance of SC electrode materials has been investigated.
The CMPs that were created had acceptable porosity, particular
surface areas, and char yield. Electrochemical analysis reveals a
combination of normal ELDC behavior and pseudo-capacitance
tendencies, providing high capacitance values and outstanding
cycling stability (over 2000 cycles). Among the CMPs studied,
the Py-Ph-Pery CMP and TPE-Ph-Pery CMP demonstrate
superior performance compared to the TPA-Ph-Pery CMP,

Figure 7. EIS curves: (a) Nyquist plots and (b) equivalent fitted circuit, (c) Bode plot of frequency-dependent resistance (magnitude), and (d) Bode
plot of frequency-dependent phase angles of Py-Ph-Pery, TPE-Ph-Pery, and TPA-Ph-Pery CMPs.
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primarily due to their continuous π-conjugation and their high
surface area, respectively. Notably, the Py-Ph-Pery CMP
exhibits the highest capacity of 300 F g−1. These porous

molecules exhibit outstanding results when utilized as
symmetric coin cells in SCs, positioning them as promising
electrode materials. Overall, the combination of facile synthesis,
incorporation of redox-active groups, and favorable physical
properties establishes these CMPs as effective cathode materials
for SCs.
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