
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 1
2 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
6/

20
24

 7
:4

7:
21

 P
M

. 

View Article Online
View Journal  | View Issue
Efficient faradaic
aDepartment of Materials and Optoelec

University, Kaohsiung 80424, Taiwan. E-ma
bInstitute of Medical Science and Techno

Kaohsiung, 80424, Taiwan
cChemistry Department, Faculty of Science,

† Electronic supplementary informa
https://doi.org/10.1039/d3ta03198e

‡ These authors contributed equally.

Cite this: J. Mater. Chem. A, 2023, 11,
19408

Received 30th May 2023
Accepted 10th August 2023

DOI: 10.1039/d3ta03198e

rsc.li/materials-a

19408 | J. Mater. Chem. A, 2023, 11,
supercapacitor energy storage
using redox-active pyrene- and benzodithiophene-
4,8-dione-tethered conjugated microporous
polymers†

Taher A. Gaber, ‡a Lamiaa Reda Ahmed‡bc and Ahmed F. M. EL-Mahdy *ac

Conjugatedmicroporous polymers (CMPs) are intriguing options for a wide range of applications; however,

CMP-tethered energy storage devices such as supercapacitors have received relatively little investigation

due to limitations in energy density, electronic conductivity, electrochemical/structural durability, and

specific capacitance. We present here the synthesis of a unique sort of redox-active conjugated

microporous polymers, Py-BDT and Py-Ph-BDT CMPs, based on pyrene (Py) and redox-active benzo

[1,2-b:4,5-b′]dithiophene-4-dione (BDT) units as efficient and stable electrode components for

supercapacitor energy storage devices. The CMPs exhibited outstanding thermal stabilities (Td10:

approximately 564 °C; char yield: approximately 70.5%) and surface areas (around 427 m2 g−1).

Intriguingly, integrating the pyrene and redox-active BDT units into the CMP core leads to rapid charge

transport, outstanding faradaic energy storage, and remarkable conductivity. As expected, the resulting

CMPs show an excellent three-electrode capacitance of 712 F g−1 at 0.5 A g−1 current density, which is

a better specific capacity than that of the previously reported conventional CMPs. A symmetric two-

electrode supercapacitor constructed with the Py-Ph-BDT CMP displays an effective capacitance of 429

F g−1 and an energy density of 38.21 W h kg−1 at a potential of 0.8 V and maintains 80% of its beginning

capacitance over 4000 cycles. Our research provides a simple route to combine various electroactive

moieties with redox-active benzodithiophene-4,8-dione to develop outstanding supercapacitors.
1 Introduction

All industrial countries, economic progress, and general
modernization depend on stored energy. Hence, resource
depletion and energy shortages motivate scientists to explore
and create energy-saving solutions.1–4 One of the key develop-
ments to address this issue is the development of electro-
chemical energy storage technology.5,6 Supercapacitors (SCs) are
vital energy storage appliances owing to their good power
density, enlarged cycle life, excessive charge–discharge rate, and
renewability.7 These advantageous features make SCs appro-
priate for various applications such as electric vehicles, wind
turbines, photo ashes, machine ywheels, MP3 players, and
regenerative braking systems. SCs typically store energy using
two methods: faradaic processes resulting from electrode-
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bound bidirectional redox reactions (pseudocapacitance) and
non-faradaic processes connected to the electrochemical
double layer (EDL). Pseudocapacitors store energy via quick and
repeatable faradaic redox processes on electrode surfaces, while
EDL-based ones store energy through ion adsorption and
desorption at the electrode–electrolyte boundary. Capacitance
is enhanced in pseudocapacitors compared to those using
merely the EDL.8–10 Several factors inuence the energy stored in
SCs: (i) charge separation on the surface of EDL-based super-
capacitors, where microporous carbon electrodes are widely
used, (ii) the reaction taking place on the outermost layer of the
electrode material, and (iii) interactions between electrolytes
and redox-active materials.11–14 Hence, the SC properties are
profoundly inuenced by the composition and chemical nature
of electrode materials.15–17 Generally, pseudocapacitors are
typically constructed from transition-metal oxides such as
MnO2 and Fe2O3, whereas EDL-based supercapacitor electrodes
are commonly constructed from various forms of carbon, such
as activated carbon, graphene, and carbon nanobers.18–24

Organic electrode materials, including polyanilines, poly-
pyrroles, polythiophenes, and Schiff-base polymers, appeal to
some scientists due to their low energy consumption, remark-
able redox activity, and environmental friendliness.25–27 Schiff-
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic synthesis of Py-BDT and Py-Ph-BDT CMPs.
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base polymers, for instance, can either connect redox-active
moieties or serve as redox-active moieties themselves. Because
different functional groups may be easily incorporated into
molecules that undergo condensation, these materials are
extraordinarily exible in terms of their chemical characteris-
tics.28 Nonetheless, the lack of clarity surrounding most of these
materials makes structural characterization and adaptation
more challenging. Therefore, creating and designing tunable
porous materials with massive conductivity and pseudocapaci-
tive features architecturally is crucial to improve SC
capacitance.

Organic polymers have been developed as potential candidates
for the next wave of supercapacitors.29,30 Compared to inorganic
electrodematerials, they have the following advantages: (i) organic
polymers are typically less expensive and prevalent in nature, (ii)
electrodesmade from inorganicmaterials can only undergo single
electron transfer processes, while organic polymers are capable of
undergoing numerous transfer processes, and (iii) by altering
their structure, organic polymers are simple to adjust their elec-
trochemical performance, such as potential redox capacity,
whereas inorganicmaterials present amuch greater challenge.29–33

Conjugated microporous polymers (CMPs) are developing as
a signicant category of organic polymers that are widely
employed in SCs as vital organic electrodes because of their vast
pore structure.27,34 CMPs are covalently bonded polymers with
a wide range of desirable features that include a p-conjugated
core, intrinsic porosity, moderate-to-large surface area, pore
diameter tunability, durability, and stability under harsh condi-
tions; in addition, organic synthesis can change and transform
their chemical structures for appropriate functionalities.35–41 Even
though CMPs have been employed in numerous elds, including
photocatalysis, drug delivery, gas storage, gas separation, dye
removal, and uorescence detection, their uses as SCs electrodes
are restricted by their subpar conductivity, which signicantly
decreases their capacitance.42–54 CMPs are generally mixed with
other conductivematerials to boost the conductivity of CMP-based
electrodes. Unfortunately, it is challenging to considerably
improve the CMP performance due to the poor connection
between the CMP and conductor.10,27,55,56 An alternate approach for
enhancing the capacitance of CMPs is to incorporate redox-active
moieties, such as porphyrins, aza-fused rings, ferrocene, anthra-
quinone, and phenazine, into their skeletons to improve the
conductivity of CMPs when they are architecturally
constructed.57–63 Even though redox-based CMPs exhibit potential
redox behavior and relatively high capacitance, the variety of
redox-active moieties incorporated into the skeletons of CMPs for
use as innovative electrode materials is currently limited to these
sorts of units. Consequently, improving supercapacitor perfor-
mance requires the development of innovative redox-active CMPs
with excellent conductivity and chemical durability during
charge–discharge cycles.

Pyrene is a planar moiety with a fused aromatic structure and
an extended p-conjugation. Owing to the potential charge-
transport capability of pyrene, its derivatives have been exploited
as basic components in the development of charge-transport
semiconductors for application in electronic devices such as
organic photovoltaic (OPV) cells and organic lasers.64,65 On the
This journal is © The Royal Society of Chemistry 2023
other hand, benzo[1,2-b:4,5-b′]dithiophene-4-dione derivatives
have been used to build attractive polymers in photovoltaic cells
because of their potential charge-transporting and electron-
donating characteristics.66,67 To the best of our knowledge, no
one has previously described the inclusion of pyrene and redox-
active benzo[1,2-b:4,5-b′]dithiophene-4-dione units into the skel-
eton of CMPs and investigated these materials in supercapacitor
applications. In this study, we describe the preparation of two
redox-active pyrene- and benzodithiophene-4,8-dione-tethered
CMPs (Py-BDT and Py-Ph-BDT CMPs) for energy storage applica-
tion. The Py-BDT CMP was prepared through the Pt-catalyzed
polycondensation reaction of 1,3,6,8-tetrakis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyrene (Py-4BO, Scheme S1 and Fig. S1–
S3†) with 2,6-dibromobenzo[1,2-b:5,4-b′]dithiophene-4,8-dione
(BDT-2Br, Scheme S2 and Fig. S4–S6†), while 1,3,6,8-tetra-
bromopyrene (Py-4Br), BDT-2Br, and 1,4-phenylenediboronic acid
(Ph-2BO) were utilized to prepare the Py-Ph-BDT CMP (Scheme 1).
Our research showed that CMP-based electrode materials with
pseudocapacitive characteristics and an outstanding specic
capacity could be produced by integrating pyrene and redox-active
BDT into the skeleton of CMPs. Surprisingly, the
benzodithiophene-4,8-dione and pyrene-based CMPs demon-
strated an outstanding specic capacity of 980 F g−1, which is
a better specic capacity than that of the conventional CMPs re-
ported previously. A cyclic stability test showed that aer 5000
charge–discharge cycles, 72.87% of the initial capacitance
remained; such high cycle stability is rarely observed in similar
materials. Moreover, BDT-based CMPs have the ability to store
charge energy effectively by constructing symmetric two-electrode
and three-electrode supercapacitors. Our study opens a facile
avenue to connect redox-active benzodithiophene-4,8-dione with
diverse electroactive moieties to produce high-performance
supercapacitors.

2 Results and discussion
2.1. Materials synthesis and characterization

Through Suzuki–Miyaura coupling polymerization, two new
redox-active benzodithiophene-4,8-dione- and pyrene-tethered
CMPs (Py-BDT and Py-Ph-BDT CMPs) were synthesized as
electrode materials for supercapacitor energy storage devices.
J. Mater. Chem. A, 2023, 11, 19408–19417 | 19409
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Suzuki–Miyaura coupling of BDT-2Br and Py-4BO produced the
Py-BDT CMP as an insoluble powder with a brown color and an
80% yield (Scheme 1 and S3†), while the Py-Ph-BDT CMP was
produced as an insoluble powder with a brown color and an
81% yield through coupling between BDT-2Br, Ph-2BO, and Py-
4Br (Scheme 1 and S4†). Inductively coupled plasma-atomic
emission spectroscopy shows palladium impurities (0.015–
0.025 mol%) in the puried Py-BDT and Py-Ph-BDT CMPs. The
chemical structures and thermal stability of both Py-BDT and
Py-Ph-BDT CMPs were elucidated using a variety of techniques
such as Fourier transform infrared (FT-IR), solid-state 13C cross-
polarization (CP)/magic angle spinning (MAS) NMR, X-ray
photoelectron spectroscopy (XPS), and thermogravimetric
analysis (TGA). The FTIR spectrum of Py-BDT CMP lacked the
bands of the C–H stretching aliphatic bond at 2923–2852 cm−1,
the B–O stretching bond at 1340 cm−1, the C–O stretching bond
at 1082 cm−1 and the vibration band of the C–H rocking
aliphatic bond at 663 cm−1 for Py-4BO (Fig. 1a and S7†). The
band of the C–Br stretching bond at 676 cm−1 related to the Py-
4Br monomer was strongly mitigated in the FTIR spectrum of
the product Py-Ph-BDT CMP (Fig. 1a and S8†). In addition, the
vibration band corresponding to the C–Br stretching bond at
581 cm−1 for BDT-2Br was absent in the FTIR spectra of both Py-
BDT and Py-Ph-BDT CMPs (Fig. 1a). Furthermore, the observed
vibration bands of the aromatic C]C bonds, in-plane C–H
aromatic bonds, and C]C–H bonds in the FTIR spectrum at
1553, 1140–954, and 852 cm−1 for Py-4BO, at 1593–1470, 1062–
986, and 880 cm−1 for Py-4Br, and at 1380, 1043, 727 cm−1 for
BDT-2Br, respectively, were shied to 1386, 1025, and 723 cm−1

for the Py-BDT CMP and to 1433, 1018, and 733 for the Py-Ph-
BDT CMP. In addition, the vibration band for the carbonyl
Fig. 1 (a) FTIR spectra of Py-BDT and Py-Ph-BDT CMPs and their mono
the Py-Ph-BDT CMP, (d) S 2p for the Py-BDT CMP, and (e) S 2p for the

19410 | J. Mater. Chem. A, 2023, 11, 19408–19417
C]O bond at 1653 cm−1 for BDT-2Br was observed to vibrate at
1652 and 1653 cm−1, respectively, for the Py-BDT and Py-Ph-
BDT CMPs. The vibration bands for the C–(C]O)–C stretch-
ing bond at 1261 cm−1 and the C–S stretching bond at 841 cm−1

for BDT-2Br, respectively, were clearly presented in the FTIR
spectra of Py-BDT and Py-Ph-BDT CMPs at 1267 and 842 cm−1

for the Py-BDT CMP and at 1261 and 841 cm−1 for the Py-Ph-
BDT CMP (Fig. 1a). The absence of signals for the C–B and C–
Br carbons in the solid-state 13C NMR spectra of Py-BDT and Py-
Ph-BDT CMPs provided further proof that the monomers were
entirely polymerized. Furthermore, the 13C CP/MAS NMR
spectra of both CMPs pointed out four responses at 185.24–
169.44, 156.96–148.88, 147.22–137.84, and 134.90–116.55 ppm
correlating to the aromatic C]O, C–S, C–C, and C–H aromatic
groups for Py-BDT and Py-Ph-BDT CMPs (Fig. S9†).

We used XPS analyses to investigate the element types and
their chemical states in our CMPs. Fig. S10† shows four
different peaks for the O 1s, C 1s, S 2s, and S 2p orbitals for the
Py-BDT CMP at 531.94, 285.94, 228.93, and 165.32 eV, respec-
tively, and at 532.62, 285.03, 228.94, and 165.44 eV, respectively,
for the Py-Ph-BDT CMP. Since there are no supplementary
components in the XPS detections shown in Fig. S10,† it may be
concluded that no contaminants were present during the
synthesis of CMPs. We tted the XPS patterns for the C 1s and S
2p orbitals to better understand the sorts of element species in
the CMPs (Fig. 1b–e). Fig. 1b and Table S1† reveal that the C 1s
orbital of the Py-BDT CMP splits into three peaks at 287.20,
285.36, and 284.40 eV, which we dened as the C]O, C–S, and
C]C bonds, respectively. Additionally, the C 1s orbital of the
Py-Ph-BDT CMP was split into three peaks, each corresponding
to a different chemical bond: at 286.91 eV for the C]O bond, at
mers. (b–e) XPS spectra of the (b) C 1s for the Py-BDT CMP, (c) C 1s for
Py-Ph-BDT CMP.

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta03198e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
2 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
6/

20
24

 7
:4

7:
21

 P
M

. 
View Article Online
285.20 eV for the C–S bond, and at 284.33 eV for the C]C bond
(Fig. 1c and Table S1†). Furthermore, two peaks at 165.20 and
163.95 eV in the S 2p orbital of the Py-BDT CMP were identied
as corresponding to the two spin orbits S 2p3/2 and S 2p1/2, with
a ratio of 1 : 2 (Fig. 1d and Table S1†); both of these spin orbits
additionally showed up at 164.80 and 163.90 eV for the Py-Ph-
BDT CMP (Fig. 1e and Table S1†).44 The TGA measurements
reveal an early weight loss of roughly 6.3% for the Py-BDT CMP
and 6.4% for the Py-Ph-BDT CMP before 436 °C, which can be
attributed to the desorption of the trapped solvents (Fig. S11
and S12†).6 However, there is a mass loss of 10 wt% at
temperatures of 519 and 570 °C for the Py-BDT and Py-Ph-BDT
CMPs under an N2 environment, respectively (Fig. S11, S12 and
Table S2†). Notably, 70.50 and 65.13% residual masses are
detected aer heating to 800 °C for the Py-BDT and Py-Ph-BDT
CMPs, respectively, showing that the conjugated networks have
a high degree of cross-linking. Powder-XRD patterns of both Py-
BDT and Py-Ph-BDT CMPs exhibited no diffraction signals,
indicating that neither of these CMPs possesses long-term
crystallographic properties and that both are amorphous
(Fig. S13†), as has been demonstrated for previously reported
CMPs.68,69
2.2. Porosity and morphology

We conducted gas adsorption tests using nitrogen as an
absorbed material to examine the porosity properties of the Py-
BDT and Py-Ph-BDT CMPs. Aer this, we used the Brunauer–
Emmett–Teller (BET) theory to convert the original data. Fig. 2a
shows type-II isotherms with steep N2 adsorption at P/P0 values
below 0.15 and steep N2 uptake at P/P0 values above 0.93,
originating from the micro- and mesoporous constructions of
the Py-BDT and Py-Ph-BDT CMPs. In addition, we used the
nonlocal density functional theory to determine the hypothe-
sized pore dimensions of the CMPs. Fig. 2b and Table S3† show
that Py-BDT CMP is a microporous material with pore sizes
ranging from 1.51 to 2.63 nm, along with some mesopores
having sizes between 3.54 and 6.38 nm; similarly, Py-Ph-BDT
CMP is a microporous material with pore sizes ranging from
1.52 to 3.57 nm and some mesopores having sizes between 3.66
and 6.67 nm. These outcomes validated the micro- and
mesopore-containing hierarchical porous topologies of the Py-
BDT and Py-Ph-BDT CMPs, which are comparable to those of
earlier CMPs.70 Py-BDT and Py-Ph-BDT CMPs exhibited pore
volumes of approximately 0.27 and 0.59 cm3 g−1, respectively
(Fig. 2b and Table S3†). The apparent BET surface areas of the
CMPs range from 208 m2 g−1 for the Py-BDT CMP to 427 m2 g−1

for the Py-Ph-BDT CMP (Fig. S14, S15 and Table S3†). It has
previously been discovered that the overall length of the
framework has a signicant impact on the BET surface area of
porous polymers; as the length of the framework increased, the
BET surface of the related polymer increased.44 Thus, the Py-Ph-
BDT CMP with a longer framework provided a higher BET
surface area than the Py-BDT CMP with a shorter framework
(Scheme 1). The nanoscale morphologies of our synthesized
CMPs were next examined using transmission electron
microscopy (TEM) and eld emission scanning electron
This journal is © The Royal Society of Chemistry 2023
microscopy (FE-SEM). Fig. 2c–h reveal the self-assembly of both
Py-BDT and Py-Ph-BDT CMPs into rod-like shapes. Statistical
analysis of these TEM images revealed that the rods of Py-BDT
CMP were several micrometers long and had an average width
of 100–120 nm (Fig. 2c and d). The average rod width and length
for Py-Ph-BDT CMP were 150–200 nm and several micrometers,
respectively (Fig. 2f and g). Both Py-BDT and Py-Ph-BDT CMPs
were shown to have hierarchical porous structures with pore
diameters less than 10.0 nm, as evidenced by low-magnication
TEM images (Fig. 2e and h), which were consistent with the
outcomes of nitrogen sorption isotherms (Table S3†). FE-SEM
imaging was used to validate the rod-like topologies of Py-BDT
and Py-Ph-BDT CMPs (Fig. S16†). Additionally, elemental
mapping using energy dispersion X-ray spectroscopy (EDS)
demonstrated the existence of carbon, oxygen, and sulfur atoms
in the chemical structures of Py-BDT and Py-Ph-BDT CMPs.
Fig. S16b–d and f–h† indicate that the carbon, oxygen, and
sulfur atoms in the structural frameworks of Py-BDT and Py-Ph-
BDT CMPs were distributed uniformly.
2.3. Electrochemical properties

According to the FTIR, TGA, BET, and TEM tests, our Py-BDT
and Py-Ph-BDT CMPs possessed redox-active systems, excep-
tional thermal durability, large surface areas, rod-like topolo-
gies, and hierarchical micro- and mesopore architectural
designs, which suggests that these CMPs could be used as
promising supercapacitor materials. Therefore, we rst tested
the electrical and electrochemical activities of these CMPs in an
aqueous 1.0 M KOH electrolyte using a three-electrode system
with platinum foil as the counter electrode, Hg/HgO as the
reference electrode, and glassy carbon as the working electrode.
The cyclic voltammetry (CV) patterns of both Py-BDT and Py-Ph-
BDT CMPs at scanning intervals from 5 to 200 mV s−1 in the
potential window of –0.7 to +0.0 V showed pseudocapacitive
properties with a single predominant pair of redox peaks
(Fig. 3a and b). Such redox peaks were positioned at –0.32 and –

0.24 V for the Py-BDT CMP and at –0.40 and –0.37 V for the Py-
Ph-BDT CMP at a scan rate of 5 mV s−1. The proximity of the
oxidation and reduction peaks in the CMPs indicated rapid
electron transport between Py and BDT for the Py-BDT CMP and
between Py, Ph, and BDT for the Py-Ph-BDT CMP. With a 40-fold
boost in the rate from 5 to 200 mV s−1, the positions of the
oxidation peaks of the Py-BDT and Py-Ph-BDT CMPs both
marginally shied to a positive direction, whereas the reduction
peaks slightly shied to the opposite direction (Fig. 3a and b),
attributing to the input impedance of the Py-BDT and Py-Ph-
BDT CMPs.71,72 Additionally, the redox peak current and the
area of the accompanying CV pattern expanded as the scan
speed increased; the CV patterns were able to maintain their
characteristic shapes even at higher scan speeds, indicating
a high-rate storage capacity and rapid kinetics of the CMPs.63

Within a similar voltage window, galvanostatic charge–
discharge (GCD) tests of Py-BDT and Py-Ph-BDT CMPs were
conducted at current densities ranging from 0.5 A g−1 to
20 A g−1. Both Py-BDT and Py-Ph-BDT CMPs showed reversed V-
shaped GCD patterns with large bends, proving that they
J. Mater. Chem. A, 2023, 11, 19408–19417 | 19411
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Fig. 2 (a) N2 adsorption and desorption isotherms of the Py-BDT and Py-Ph-BDTCMPs. (b) Pore size distributions of the Py-BDT and Py-Ph-BDT
CMPs. (c–h) TEM images of (c–e) Py-BDT CMP and (f–h) Py-Ph-BDT CMP. Insets: the magnified photos.

Fig. 3 (a and b) CV curves of (a) the Py-BDT and (b) Py-Ph-BDT CMPs.
(c and d) GCD curves of (c) the Py-BDT and (d) Py-Ph-BDT CMPs.

Fig. 4 (a) The suggested redox mechanism of the BDT unit. (b)
Calculated specific capacitances of the Py-BDT and Py-Ph-BDT CMPs,
at various current densities. (c) Comparison of specific capacitances of
the Py-BDT and Py-Ph-BDT CMPs with those of previously reported
redox-active porous CMPs. (d) Cycling performance of the Py-BDT
and Py-Ph-BDT CMPs at a current density of 2 A g−1. (e) Nyquist plots
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behaved like pseudocapacitors (Fig. 3c and d). In general, our
results revealed that integrating pyrene and redox-active BDT
into the core of a CMP signicantly inuenced both its redox
responsiveness and charge storage capacity.

The redox process of our CMPs is illustrated in Fig. 4a, which
depends on the BDT monomer. The two-electron reduction of
BDT into a BDT2− anion is a necessary step in the redox reaction
mechanism of BDT.73 As also shown in Fig. 4a, the BDT struc-
ture was reduced using two electrons through the discharge
process, whereas the reversible oxidation of the BDT2− anion
19412 | J. Mater. Chem. A, 2023, 11, 19408–19417
occurred continuously during the charge stage. Since the Py-
BDT and Py-Ph-BDT CMPs have a middle surface area,
a redox-active approach rather than a double-layer approach is
used to manage their capacity. The GCD patterns were
of the Py-BDT and Py-Ph-BDT CMPs and their fitted plots.

This journal is © The Royal Society of Chemistry 2023
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employed to calculate the specic capacitances of our CMPs. At
a current density of 0.5 A g−1, impressive specic capacitances
of 636 and 712 F g−1 were obtained for Py-BDT and Py-Ph-BDT
CMPs, respectively (Fig. 4b). Notably, the remarkable specic
capacitances of both Py-BDT and Py-Ph-BDT CMPs surpass
those of most previously reported redox-active porous CMPs
such as a MWCNT/spirobiuorene (SA)-CMP (594 F g−1 at
1.0 A g−1),8 pyrene-4,5,9,10-tetraone (4KT-Tp)-based COF (583 F
g−1 at 0.2 A g−1),57 polyaminoanthraquinone-triphenylamine
(PAQTA)-based CMP (576 F g−1 at 1.0 A g−1),10 ferrocene (Fc)-
based CMP/rGO composite (470 F g−1 at 0.5 A g−1),61 tetracya-
noquinodimethane (TCNQ)-derived conductive microporous
polymer (383 F g−1 at 0.2 A g−1),74 triazine-based porous poly-
mer-TPDA-1 (348 F g−1 at 0.5 A g−1),75 triazine-based (PDC-
MA) COF (335 F g−1 at 1.0 A g−1),76 COF/reduced graphene
oxide (rGO) aerogel (269 F g−1 at 0.5 A g−1),77 conjugated
aromatic polymer (CAP)-electrode (233 F g−1 at 1.0 A g−1),60

polyporphyrin-coated graphene hydrogel (GH)-CMP (206 F g−1

at 0.5 A g−1),59 and triazatruxene (TAT)-based CMP-2 (183 F g−1

at 1.0 A g−1)78 (Fig. 4c and Table S4†). To our knowledge, the
capacitances measured using our CMPs are the highest values
ever reported for both pristine and blended CMPs. In addition,
as the current density increased, the specic capacitance of
both Py-BDT and Py-Ph-BDT CMPs decreased. Fig. S17† shows
that specic capacitances at current densities of 5.0, 7.0, 10.0,
15.0, and 20.0 were 185, 135, 109, 77, and 49 F g−1 for the Py-
BDT CMP and 245, 191, 169, 143, and 135 F g−1 for the Py-Ph-
BDT CMP, respectively. This decrease in capacitance at high
current density can be attributed to ohmic drop, quick and
incomplete faradaic reactions, and electrolyte ion motion
constraints. For charge storage, only the external active surface
is employed.79–81 Furthermore, we evaluated the Py-BDT and Py-
Ph-BDT CMPs for up to 5000 cycles at a current density of
2 A g−1 to gauge their durability. Py-BDT and Py-Ph-BDT CMPs
demonstrated remarkable electrochemical endurance by
retaining 70.26% and 72.87% of their initial capacitances,
respectively (Fig. 4d).

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted at an open circuit voltage from 0.01 Hz to
100 kHz to fully analyze the charge ow impedance and diffu-
sion rate of the constructed CMP-based electrodes and, in turn,
understand the electrochemical kinetics. Fig. 4e shows the
Nyquist plots of the assembled electrodes from the Py-BDT and
Py-Ph-BDT CMPs. Low charge transfer impedance and
substantial conductivity were demonstrated by a tiny distinctive
semicircle in the high-frequency region of the CMP electrodes.82

A virtually vertical straight line in the low-frequency region
demonstrated a lower ionic diffusion barrier between the con-
ducting electrode and electrolytic solution, indicating a diffu-
sion-controlled electrode system.73 In addition, at high
frequencies, the curve (Fig. 4e and S18a†) is oen linked to how
faradaic redox capacitors with a redox-active layer relax. This is
because the pseudo-redox reaction of BDT/BDT2− relaxes the
capacitors. A comparable circuit model (Fig. S18b†) was used to
t the EIS results, where Rs was short for the electrolyte resis-
tance; Rct stood for the resistance to charge transfer at the
interface between the electrolyte and electrode, while W and
This journal is © The Royal Society of Chemistry 2023
CPE represented the Warburg impedance and constant phase
element, respectively. Table S5† shows that Rs and Rct were
17.29 and 10 586 U for the Py-BDT CMP and 12.09 and 6211 U

for the Py-Ph-BDT CMP, respectively. The Rct value decreased
from the Py-Ph-BDT CMP to the Py-BDT CMP due to the addi-
tional phenyl unit elongated p-stacking throughout the Py-Ph-
BDT CMP structure. Additionally, the Bode plots (Fig. S19†)
demonstrate that the relaxation time constants of the Py-BDT
and Py-Ph-BDT CMPs were 6.89 and 4.54 ms, respectively,
conrming their extraordinarily strong diffusion and transport
properties. These ndings provided further evidence that the
Py-Ph-BDT CMP-based electrode possessed a greater conduc-
tivity, which is in line with its larger capacitance value. The
capacity of a supercapacitor to store energy is largely deter-
mined using several characteristics, including its energy density
and power density. Ragone plots (Fig. S20†) show that at
a potential of 0.7 V and a power density of 175 W kg−1, the
highest energy density values of Py-BDT and Py-Ph-BDT CMPs
are 42.80 and 48.70 W h kg−1, respectively. Therefore, by inte-
grating the pyrene and redox-active BDT monomers into the
CMP backbone, researchers could considerably enhance the
capacitance and lifespan of a supercapacitor.

To better comprehend the capacitive contribution of Py-BDT
and Py-Ph-BDT CMPs, we analyzed the correlation between
current (i) and the scan rate (v) using the power law (eqn (1)).83

i = avb (1)

The slope of a plot of log(i) versus log(v) was utilized to
determine the value of b, where a is a constant. The Py-BDT CMP
had an estimated b value of 0.638 and 0.597 for the cathodic and
anodic peaks, respectively (Fig. 5a), whereas the Py-Ph-BDT
CMP had an estimated b value of 0.780 and 0.743 for the
cathodic and anodic peaks, respectively (Fig. 5b).

These ndings suggested that capacitive and diffusion-
controlled energy storage operations could coexist for these
two CMPs.84 Furthermore, the increased rate capacity of the Py-
Ph-BDT CMP, which may be due to its additional phenyl unit,
was revealed by its greater capacitive contribution compared to
the Py-BDT CMP. The capacitive contribution to total capacity
was quantied using the following eqn (2):83

i(V) = k1v + k2v
1/2 (2)

For a xed potential V, the total current is denoted by i(V),
where k2v

1/2 and k1v are the currents generated by the diffusion-
controlled operation and capacitive effects, respectively. Fig. 5c
and d show that the capacitive contributions of the Py-BDT and
Py-Ph-BDT CMPs at 5 mV s−1 were 23% and 45%, respectively,
of the total capacity. This indicates that the Py-Ph-BDT CMP has
a higher capacitive contribution than the Py-BDT CMP. As the
scan rate went up from 5 to 200 mV s−1, the capacitive contri-
bution increased to 59% for the Py-BDT CMP (Fig. 5c) and 86%
for the Py-Ph-BDT CMP (Fig. 5d).

The structural and electrochemical variations between the
Py-BDT and Py-Ph-BDT CMPs were estimated using a Gaussian
05 basis set under a density functional theory (DFT)
J. Mater. Chem. A, 2023, 11, 19408–19417 | 19413
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Fig. 5 (a and b) Plots of log(i) versus log(v) of (a) Py-BDT and (b) Py-Ph-
BDT CMPs. (c and d) Relative contribution of the capacitive and
diffusion-controlled charge storage of (c) Py-BDT and (d) Py-Ph-BDT
CMPs, recorded at various scan rates.
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approximation at a B3LYP/6-31 G* level. The appropriate
geometric congurations, highest occupied molecular orbits
(HOMOs), and lowest unoccupied molecular orbits (LUMOs) of
the CMPs are depicted in Fig. S21.† It has been documented
that the atoms with the greatest extension density of the LUMO
are where the electron insertion process should take place.85

The DFT calculations revealed that the Py, Ph, and BDT como-
nomers had higher ion storage and stronger electron affinity
than the Py and BDT comonomers,85 as evidenced by the elec-
tronic cloud distribution in the LUMOs (Fig. S21c and f†). The
LUMO electrons of the Py-BDT CMP were localized and not
spread over the entire CMP unit, whereas the Py-Ph-BDT CMP
displayed a charge delocalization system with an intensely
disseminated charge throughout the entire unit.

In accordance with the aforementioned ndings, the higher
specic capacitance of the Py-Ph-BDT CMP over the Py-BDT
CMP can be attributed to the following reasons: rst, the
larger BET surface area of the Py-Ph-BDT CMP enabled a greater
number of redox-active sites, causing an increase in specic
capacity. Second, the additional phenyl unit throughout the Py-
Ph-BDT CMP structure contributed to extended conjugation
length and electron delocalization within the Py-Ph-BDT CMP
backbone, resulting in quicker intermolecular charge transfer.
Third, the higher electronic conductivity of the Py-Ph-BDT CMP
permitted ultrahigh rate capabilities. Finally, the extended
charge delocalization system of the Py-Ph-BDT CMP resulted in
better electron mobility and greater ion storage.

To further explore the prospect for application of our CMPs
in practical supercapacitor devices, a symmetric supercapacitor
(SC) device of the Py-Ph-BDT CMP was constructed in a two-
electrode arrangement with 1 M KOH as the electrolyte along-
side the Py-Ph-BDT CMP serving as both the positive and
negative electrodes and a piece of lter paper serving as the
separator material (Fig. 6a). Fig. 6b displays the CV patterns of
19414 | J. Mater. Chem. A, 2023, 11, 19408–19417
the Py-Ph-BDT CMP-tethered SC at various sweep rates between
4 and 50 mV s−1 in the potential run between +0.2 and +1.0 V.
This gure displays quasi-reversible redox, indicating favorable
capacitive activity of the electrode materials, in which the
charges are primarily stored by a faradaic mechanism. It can be
observed that the current density increases as the scan rate
increases and the overall form of the CV curves is preserved,
indicating simple kinetics and high rate capacity.63 Fig. 6c
depicts the GCD patterns of the Py-Ph-BDT CMP-tethered SC
measured at varying current densities. Even at an intense
current density of 10 A g−1, charge–discharge patterns exhibit
symmetric behaviors, suggesting that the electrochemical
response is extremely reversible. Fig. 6d presents an overview of
the computed specic capacitances of the Py-Ph-BDT CMP-
tethered SC at various current densities based on the
combined mass of one electrode. The specic capacitances of
the SC at current densities of 1.0, 2.0, 4.0, 5.0, 7.0, and 10.0 A g−1

were 429, 386, 373, 365, 349, and 340 F g−1, respectively. This
result conrmed that our Py-Ph-BDT CMP-tethered SC still had
a high capacitance even when the current density was high. In
addition, these capacitance values exceed those of SC and
asymmetric SC devices measured with equivalent redox-active
electrodes (100–269 F g−1)8,10,57,61,74,76,77 Fig. 6e depicts the
Ragone plot of the Py-Ph-BDT CMP-tethered SC, which exhibi-
ted an outstanding energy density of 38.21 W h kg−1 at
a potential of 0.8 V and a power density of 842 W kg−1. The Py-
Ph-BDT CMP-tethered SC maintained an energy density of
30.28 W h kg−1, subsequent to raising the power density to
8421 W kg−1. This energy density is better than those of SC and
asymmetric SC devices that have been reported before based on
analogous redox-active compounds, such as a MWCNT/
spirobiuorene (SA)-CMP (20.6 W h kg−1 and 4900 W kg−1),8

conjugated aromatic polymer (CAP)-electrode (23 W h kg−1),60

pyrene-4,5,9,10-tetraone (4KT-Tp)-based COF (12.5 W h kg−1

and 240 W kg−1),57 ferrocene (Fc)-based CMP/rGO composite
(8 W h kg−1 and 124 W kg−1),61 tetracyanoquinodimethane
(TCNQ)-derived conductive microporous polymer
(42.8 W h kg−1 and 8750 W kg−1),74 and triazine-based (PDC-
MA) COF (29.2 W h kg−1 and 750 W kg−1).76 The Py-Ph-BDT
CMP-tethered SC gained a good cycle duration, with 80.18%
of its capacitance remaining aer 4000 cycles (Fig. 6f).

Aqueous electrolytes have been regarded as attractive
options because of their numerous special characteristics.
However, their employment at high voltage is constrained by
their limited electrochemical window (ESW, pure water 1.23 V).
Organic electrolytes were used to address this shortcoming and
to use a broad voltage window.86–89 Therefore, to investigate the
electrical and electrochemical activity of the Py-Ph-BDT CMP in
an organic electrolyte, a symmetric supercapacitor (SC) device
of this material was built using 1.0 M TBAPF6/acetonitrile as the
organic electrolyte. The CV patterns of the Py-Ph-BDT CMP-
tethered SC with organic electrolyte are shown in Fig. S22a†
for various sweep rates ranging from 1 to 20 mV s−1 in the
potential range between +0.0 and +3.0 V. A hybrid-type super-
capacitor is indicated by the observation of a quasi-rectangular
shape in the CV pattern. This type of supercapacitor combines
the performance of an electric double-layer capacitor with
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Fabrication of a Py-Ph-BDT CMP-tethered SC (separator is filter paper and the current collector is carbon paper). (b) CV curves of the
Py-Ph-BDT CMP-tethered SC. (c) GCD curve of the Py-Ph-BDT CMP-tethered SC. (d) Calculated specific capacitances of the Py-Ph-BDT CMP-
tethered SC. (e) Ragone plot of energy density versus power density for the Py-Ph-BDT CMP-tethered SC. (f) Cycling performance of the Py-Ph-
BDT CMP-tethered SC at a current density of 5 A g−1.
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a pseudocapacitor. Fig. S22b† reveals the GCD patterns of the
Py-Ph-BDT CMP-tethered SC with organic electrolyte measured
at different current densities. The calculated specic capaci-
tances of the Py-Ph-BDT CMP-tethered SC in the organic elec-
trolyte at different current densities based on the mass of
a single electrode are summarized in Fig. S22c.† The specic
capacitances of the SC at current densities of 1.0, 2.0, 4.0, 5.0,
and 10.0 A g−1 were 180, 161, 125, 113, and 93 F g−1, respec-
tively. Fig. S22d† depicts the Ragone plot of the Py-Ph-BDT CMP-
tethered SC with organic electrolyte, which demonstrated
a remarkable energy density of 225 W h kg−1 at a potential of
3.0 V and a power density of 3000 W kg−1.
3 Conclusions

In summary, pyrene (Py) and redox-active benzo[1,2-b:4,5-b′]
dithiophene-4-dione (BDT) were used as novel monomers for
the synthesis of two redox-active conjugated microporous
polymers, Py-BDT and Py-Ph-BDT CMPs, with outstanding
thermal stabilities (Td10: approximately 564 °C) and surface
areas (around 427 m2 g−1). The Py-BDT CMP was synthesized
through the Pt-catalyzed polycondensation reaction of Py-4BO
with BDT-2Br, while Py-4Br, BDT-2Br, and Ph-2BO were
utilized to prepare the Py-Ph-BDT CMP. The py and BDT units
provided a vital function in inducing high-performance pseu-
docapacitance by enhancing the rapid charge transport,
exceptional faradaic energy storage, and remarkable conduc-
tivity of the resulting CMPs. The obtained CMPs demonstrated
This journal is © The Royal Society of Chemistry 2023
an outstanding specic capacity of 712 F g−1 at 0.5 A g−1,
exceeding the results of previously described CMPs. A test for
cycling stability revealed that up to 72.87% of the initial
capacitance was still present aer 5000 cycles; similar materials
rarely exhibit such high cycle stability. Furthermore,
a symmetric two-electrode supercapacitor fabricated with the
Py-Ph-BDT CMP has an effective specic capacitance of 429 F
g−1 and an energy density of 38.21 W h kg−1 at 0.8 V and 842 W
kg−1. This work presents a novel strategy for preparing redox-
active CMPs to produce high-capacity supercapacitors.
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