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HIGHLIGHTS GRAPHICAL ABSTRACT

o Triphenylpyridine-based CMPs were
developed for Faradaic supercapacitors.

e CMPs demonstrated a capacitance of
221.86 F g~ ! at a current density of 0.5
A g’l.

e CMP-based symmetric supercapacitor
device exhibited a capacitance of
384.61 Fg L.

e The device exhibited an energy density
of 77.13 W h kg™! and 461.53 W kg~ ..
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ARTICLE INFO ABSTRACT
Keywords: Conjugated microporous polymers (CMPs) are significant materials owing to their n-conjugated frameworks and
Conjugated microporous polymers microporous architecture. However, several CMPs have limited electrical conductivity and redox efficiency,

Redox-active polymers making them unsuitable as dynamic supercapacitor electrodes. In this work, we prepared a particular family of

;lr;i}::glpyrldme redox-active CMPs, namely TPP-DBTh and BTPP-DBTh CMPs, with triphenylpyridine (TPP) and redox-active
Benzo[1,2-b:4,5-b"1dithiophene-4,8-dione benzo‘[l‘,2-b.4,5-b]dlthlophenej4-d10ne (DB.Th). units for effective supercapaator.energy storage devices.
Supercapacitors Combining TPP and redox-active DBTh units into CMP skeletons promotes faradaic energy storage, charge

transfer, and conductivity. The final CMPs demonstrate a superior specific capacity relative to previously pub-
lished conventional CMPs, achieving an impressive three-electrode capacitance of up to 221.86 F g~ at a current
density of 0.5 A g1, along with remarkable stability of up to 87.86 % within 10,000 cycles, marking this as one
of the highest specific capacities recorded for CMPs. The TPP-DBTh CMP produces a symmetric two-electrode
supercapacitor device, which can maintain 91.81 % of their initial capacitance after 2000 cycles. The TPP-
DBTh CMP-based device has a high capacitance of 384.61 F g~!, energy density of 77.13 W h kg™!, and
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power density of 461.53 W kg™! at 1.2 V. Our findings offer a straightforward method for combining electro-
active moieties to create effective supercapacitor devices.

1. Introduction

The main source of energy for many years has been fossil fuels.
However, they have a lot of problems, such as releasing a lot of carbon
dioxide (CO») into the air, changing the climate, using up resources
quickly, and having negative effects on health [1]. Hence, scientists are
actively exploring various methods to face the challenges associated
with energy storage [2]. One of the most important ways to deal with
energy shortages is to store energy electrochemically. Under the
charging and discharging process, this technology transforms electrical
energy into chemical energy [3]. The most common types of electro-
chemical energy storage systems are batteries and supercapacitors (SCs).
Because of many advantages of SCs, such as higher energy and power
density, rapid charge/discharge kinetics, enlarged cycle life, safety, and
renewability, SCs have found more applications in industry, particularly
in transportation like electric buses, trams, and trains for rapid energy
storage and release during acceleration and deceleration [4,5]. Super-
capacitors can store energy through chemical reactions or physical
dissociation between electrolyte ions and carbon electrodes [6,7]. As a
result, the electrode material is considered the main parameter con-
trolling the efficacy of SCs [8-10]. The storage of energy in super-
capacitors is primarily achieved through two main mechanisms: 1) in
pseudocapacitors, through faradaic reactions between the electrolyte
and electrode moieties (such as metal oxides), and 2) in electrical
double-layer capacitors (EDLCs), through the adsorption and desorption
of electrically charged ions at the electrode interface (such as porous
carbon) [11]. Transition-metal oxides such as MnO, and Fe,O3 are often
used in pseudocapacitors [12]. Nevertheless, rapid redox reactions
sometimes lead to the expansion and contraction of the electrodes,
resulting in a decrease in their mechanical durability and rendering their
active sections unavailable [13]. Contrarily, carbonaceous materials
such as activated carbon, graphene, and carbon nanofibers are used in
EDLC [14]. Because carbon does not contain any electroactive sites, SCs
made of carbon exhibit excellent rate performance, a high density, and a
long lifetime. However, their characteristic capacitance and density of
energy are low [15]. For the development of high-performance super-
capacitors, it is imperative to employ electrode materials that exhibit
superior intrinsic conductivity, incorporate designs that allow for vari-
able porosity, maintain stable structural topologies, and include a
redox-active functional group.

Porous organic polymers (POPs) are porous materials that are
important in energy storage devices because of their unique properties
such as strong covalent bonds, high surface area, large pore volume,
high porosity, low mass density, good chemical and thermal stability
[16-19]. Conjugated microporous polymers (CMPs) are a type of porous
material that is gaining increasing attention. These materials show great
promise for various applications in energy and environmental protection
[20]. CMPs are three-dimensional macromolecules with pore sizes
ranging from micro-to meso-porous scale, formed by covalent bonds
[21]. Several unique properties distinguish CMPs from traditional
polymers. These include delocalized conjugation, good surface area,
uniform micropores, stability under hard conditions, durability, struc-
tural tunability, and the simplicity of functionalization with different
types of organic groups [22,23]. Additionally, CMPs are used in many
applications, such as gas separation, catalysis, sensing, optical applica-
tions, drug delivery, energy, and environmental fields [24-29].
Considering electrochemistry, CMPs have unique electrochemical
properties above conventional polymers since they may include certain
redox active constituents into their structures through modifying their
building linkages. They ought to additionally possess fast ion diffusion
rates and are resistant to the random folding issue since their specific

porosity feature allows the highest feasible interaction with heter-
oatomic active sites [16,30,31]. So, it is expected that using CMPs to
store electrochemical energy would lead to a substantial amount of
storage.

In the fabrication of electrodes composed of conjugated microporous
polymers (CMPs), it is a prevalent methodology to amalgamate them
with supplementary conductive materials to enhance their electrical
conductivity. However, the insufficient interfacial adhesion between the
CMPs and the conductive additives poses a significant challenge in
markedly improving the performance of CMP-based electrodes [32,33].
By including redox-active units into the skeletons of CMPs, such as
ferrocene, anthraquinone, porphyrin derivatives, phenazine, and
aza-fused rings, it is possible to increase the conductivity of CMPs when
they are structurally formed [21,34-38]. This is an alternative method
for increasing the capacitance of CMPs. Such specific components now
limit the variety of redox-active functionalities that may be included in
the frameworks of CMPs to serve as novel electrode materials. Although
redox-based CMPs have prospective redox behavior and elevated
capacitance. Because of this, developing new redox-active CMPs that
have superior conductivity and electrochemical endurance throughout
charge-discharge cycles is necessary to improve the performance of
supercapacitors.

Heteroatom (N, B, O, S) functionalization can create layered inter-
related pore structures that boost graphene’s interlayer separating and
moisture absorption, revealing an improved obtainable surface and rich
electroactive regions. This activates the ring and increases its redox
activity, which raises the electron cloud density of carbon atoms on the
ring [39]. In addition, functionalized pyridine belongs to a significant
group of heterocyclic compounds. Many substituted pyridines play a big
part in catalysis and material science [40]. Furthermore, due to its
possible charge-transporting and electron-donating properties, benzo[1,
2-b:4,5-b']dithiophene-4-dione analogs have been employed as building
appealing polymers in solar cells [11]. No one has ever reported or
examined the use of CMP skeletons, including triphenylpyridine (TPP)
and redox-active benzo[1,2-b:4,5-b']dithiophene-4-dione (DBTh) moi-
eties for applications in supercapacitor technology. In this study, we
synthesized two redox-active TPP- and DBTh-based CMPs (TPP-DBTh
and BTPP-DBTh) by Suzuki-Miyaura reaction for supercapacitor appli-
cation. The TPP-DBTh CMP was prepared through the interaction of 2,4,
6-tris(4-bromophenyl)pyridine (TPP-3Br) (Scheme S2), 1,4-phenylene-
diboronic acid (Ph-2BO) and 2,6-dibromobenzo[1,2-b:4,5-b’]dithio-
phene-4,8-dione (DBTh-2Br) (Scheme S1) in DMF, while 1,4-bis(2,6-bis
(4-bromophenyl)pyridin-4-yl)benzene =~ (BTPP-4Br)  (Scheme S3)
(Ph-2BO), and (DBTh-2Br) were used to prepare the BTPP-DBTh CMP
(Schemes S4, S5, and 1). By incorporating TPP and redox-active DBTh
into the skeleton of CMPs, our study showed that it is possible to build
electrode materials based on CMPs that possess pseudocapacitive
properties and an exceptional specific capacity. An exceptional specific
capacity of 221.86 F g~ was exhibited by the redox-active TPP- and
DBTh-based CMPs. This results in a higher specific capacity than the
standard CMPs that were reported in the past. Following 10,000 char-
ge—discharge cycles, a retention of 77.45 % of the initial capacitance was
observed, marking a notable achievement among analogous materials.
Moreover, it is feasible to fabricate both symmetric two-electrode and
three-electrode capacitor devices utilizing TPP- and DBTh-based CMPs,
facilitating efficient charge energy storage.
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2. Experimental
2.1. Characterizations

FTIR spectroscopy has been investigated employing a Bruker Tensor
27 FTIR spectrophotometer. Bruker Avance 400 NMR spectroscopy was
used for the collection of SSNMR spectra. TGA was accomplished with a
TA Q-50 analyzer. Additional characterizations of the synthesized CMPs
are provided in the Supporting Information (Section S2.
Characterization).

2.2. General preparation of TPP-DBTh CMP

A mixture of TPP-3Br (0.276 mmol), Ph-2BO (0.827 mmol), DBTh-
2Br (0.414 mmol) and tetrakis(triphenylphosphine)palladium(0)
(0.0275 mmol) were put in a Pyrex tube (50 mL). Then DMF (25 mL) and
potassium carbonate (550 mg in 5 mL of water) were added. Purging the
reaction mixture with N after three freeze-pump-thaw cycles removed
oxygen. The tube was kept at 130 °C for three consecutive days.
Following cooling to 25 °C, the reaction slurry was centrifuged and
washed with acetone (three times) and THF (three times) until colorless.
The resulting solid was air-dried at 100 °C overnight under a vacuum to
obtain TPP-DBTh CMP as a reddish-brown solid.

2.3. General preparation of BTPP-DBTh CMP

A mixture of BTPP-4Br (0.176 mmol), Ph-2BO (0.706 mmol), 2
DBTh-2Br (0.352 mmol) and tetrakis(triphenylphosphine)palladium(0)
(0.018 mmol) were put in a Pyrex tube (50 mL). Then DMF (25 mL) and
potassium carbonate (550 mg in 5 mL of water) were added. Purging the
reaction mixture with N after three freeze-pump-thaw cycles removed
oxygen. The tube was kept at 130 °C for three consecutive days.
Following cooling to 25 °C, the reaction slurry was centrifuged and
washed with acetone (three times) and THF (three times) until colorless.
The resulting solid was air-dried at 100 °C overnight under a vacuum to
obtain BTPP-DBTh CMP as an orange solid.

2.4. Electrochemical Analysis

For the Three-Electrode System, electrochemical studies were con-
ducted in a three-electrode cell utilizing an Autolab potentiostat
(PGSTAT204) with a 3 M KOH aquatic medium. The GCE served as the
working electrode. Platinum wire served as the counter electrode, while
Hg/HgO (RE-61AP, BAS) functioned as the reference electrode. Cyclic
voltammetry (CV) with sweep rates ranging from 5 to 200 mV s * and
galvanostatic charge-discharge (GCD) with potentials ranging from 0.0
to —0.7 V vs. Hg/HgO and current densities ranging from 0.5 to 20 A g !
were used to study the electrochemical performance. Supporting Infor-
mation (section S10. Electrochemical Analysis in Three-Electrode Sys-
tem) contains more details on the electrochemical investigation of the
three-electrode system.

For the two-electrode symmetric supercapacitor system, the slurry
was made by combining CMP (70 wt %), carbon black (20 wt %), and
Nafion (10 wt %). It was applied onto 0.1 mm Kuraray carbon paper
having a 1 cm x 1 cm target area and dried overnight at 100 °C in a
vacuum oven. On a single current collector, active material mass loading
was 1.35 mg em 2. Two working electrodes separated each other with
filter paper and flooded with 3 M potassium hydroxide aqueous solution.
Supporting Information (section S11. Electrochemical Analysis in Two-
Electrode Symmetric Supercapacitor System) contains more details on
the electrochemical investigation of the two-electrode system.
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3. Results and discussion
3.1. The production and characterization of materials

The synthesis of the DBTh-2Br and TPP-3Br monomers followed
established procedures (Schemes S1, S2, and Figs. S1-6) [11,41]. On the
other hand, the synthesis of BTPP-4Br involved the reaction of 4-bro-
moacetophenone, terephthaldehyde, and ammonium acetate in acetic
acid using a microwave apparatus (Scheme S3 and Figs. S7-9) [42]. The
chemical composition of BTPP-4Br is validated using Fourier transform
infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy.
The FTIR spectrum of BTPP-4Br exhibited distinct signals at 3069, 1599,
1546, 1176, and 625 cm ™, corresponding to the vibrations of aromatic
C-H, C =N, C=C, C-N, and C-Br bonds, respectively (Fig. S7). The H
NMR spectrum of BTPP-4Br displayed a doublet signal at 7.93 ppm,
indicating the presence of aromatic CH-CBr groups. Additionally, other
signals were observed at 8.10 and 7.66 ppm for the aromatic CH groups
(Fig. S8). The 3C NMR spectra of BTPP-4Br displayed a range of signals
between 156.59 and 117.18 ppm, indicating the presence of aromatic
carbon nuclei (Fig. S9). The new redox-active TPP-DBTh and
BTPP-DBTh CMPs were synthesized using Suzuki-Miyaura coupling
polymerization. This involved combining Ph-2BO and DBTh-2Br with
TPP-3Br to produce TPP-DBTh CMP, which appeared as a non-soluble
reddish-brown powder (Scheme 1 and S4). Similarly, coupling Ph-2BO
and DBTh-2Br with BTPP-4Br resulted in BTPP-DBTh CMP forming,
which also appeared as a non-soluble orange powder (Scheme 1 and S5).
The insolubility of these CMPs in routinely employed organic solvents
such as chloroform, alcohol, dioxane, or dimethylformamide indicates
the presence of more robust crosslinked networks. The observed in-
crease in crosslinking is likely due to a greater extent of coupling poly-
merization occurring during the synthesis process. The inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) analysis
revealed that the purified TPP-DBTh and BTPP-DBTh products had
palladium impurities in the amount of 0.015-0.029 mol%.

A variety of techniques, including FTIR, solid-state °C cross-
polarization (CP)/magic angle spinning (MAS) NMR, thermogravimetric
analysis (TGA), and X-ray photoelectron spectroscopy (XPS), were used
to assess the chemical composition and thermal properties of TPP-DBTh
and BTPP-DBTh materials (Fig. 1a and b). In the FTIR spectra of both
CMPs, neither the C-Br bond oscillation signal at 637 cm ™! nor the B-O
stretching bond oscillation signal at 1350 cm™! were detected, collec-
tively indicates successful Suzuki coupling polymerization (Figs. S10
and S11). The TPP-DBTh and BTPP-DBTh CMPs showed absorbing sig-
nals at 3031 and 3028 cm ™! for C-H aromatic bonding, 1644 and 1647
cm ! for C=0, 1594 and 1601 em! for C=N, and 1538 and 1536 em!
for C=C vibrations. The solid state 3C NMR spectra of the two CMPs
exhibited four main resonance regions at 132.67-120.92,
146.29-136.09, 155.58-147.51, and 182.56-171.76 ppm originating
from the aromatic C-H, C-C, C-S, and C=0 groups, respectively, for the
TPP-DBTh and BTPP-DBTh CMPs (Fig. 1c). XPS is used to analyze the
element types, and their chemical states present in CMPs. In Fig. S12, the
S 2p, S 2s, O 1s, N 1s, C 1s, and orbitals have five highlighted peaks at
163.88, 228.31, 531.02, 397.14, and 284.23 eV for the TPP-DBTh CMP
and 164.12, 228.09, 530.92, 397.13, and 284.34 eV for the BTPP-DBTh
CMP. Therefore, the clean XPS spectra with no additional peaks indicate
that the synthesized CMPs are relatively pure and free from significant
contamination. Fig. 1d—-g shows C 1s and S 2p orbital fittings in XPS
spectra. These spectra show the peaks of our CMPs’ carbon and sulfur
species. The C 1s orbital of the TPP-DBTh CMP has five peaks: 283.59 eV
for C=C bonds, 283.95 for C-C bonds, 284.37 for C-S bonds, 284.71 for
C=N bonds, and 285.54 for C=0 bonds (Fig. 1d and Table S1). The C 1s
orbital of the BTPP-DBTh CMP has five peaks, as shown in Fig. 1e and
Table S1, corresponding to 283.76 eV for the C=C bond, 284.33 for the
C—C bond, 284.43 for the C-S bond, 284.81 for the C=N bond, and
285.38 for the C=0 bond. The TPP-DBTh CMP has a C=C bond content
of 72.35 %, C-C bond content of 6.55 %, C-S bond content of 12.59 %,
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Scheme 1. Chemical synthesis and drawing scheme of TPP-DBTh and BTPP-DBTh CMPs.
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Fig. 1. (a,b) Chemical structures and (c) Solid-state >C NMR spectra of the TPP-DBTh and BTPP-DBTh CMPs. (d-g) XPS spectra of the (d) Cls and (f) S2p for the
TPP-DBTh CMP and of (e) Cls and (g) S2p for the BTPP-DBTh CMP.

C=N bond content of 2.02 %, and C=0 bond content of 6.49 %, while
the BTPP-DBTh CMP has 78.2, 5.20, 9.51, 3.12, and 3.96 %, respectively
(Table S2). TPP-DBTh CMP’s S 2p orbital exhibited a pair around 163.34
and 164.63 eV, corresponding to both spinning orbits S 2p; /2 and S 2p3 >
that had a 2:1 proportion (Fig. 1f and Table S1), whereas BTPP-DBTh

CMP’s two spin orbits occurred at 163.37 and 164.59 eV. (Fig. 1g and
Table S1). The experimental element ratio was determined by calcu-
lating the peak area of each species in the XPS survey of CMPs after the
sensitivity factor adjustment. These two ratios are illustrated in
Tables S3 and S4, which indicate a robust correlation. The present
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investigation confirms that the TPP-DBTh CMP is formed via the inter-
action of Ph-2BO, DBTh-2Br, and TPP-3Br. Furthermore, we have
confirmed that the interaction of Ph-2BO, DBTh-2Br, and BTPP-4Br
forms the BTPP-DBTh CMP. Porous polymers must withstand severe
conditions for electrochemical capacitors and other market energy
storage devices. Hence, we explored the TPP-DBTh and BTPP-DBTh
CMPs’ thermal stability using TGA under a nitrogen-laden environ-
ment from 100 °C to 800 °C (Fig. S13 and Table S5). Fig. S13 and
Table S5 show the results: the TPP-DBTh CMP achieved a T4;¢ equal
701.78 °C and a char yield that exceeded 83.61 %, while the BTPP-DBTh
CMP had 596.81 °C and 76.51 %. The enhanced planarity of the TPP
monomer within the CMP framework augmented the thermal stability of
TPP-DBTh CMP compared to BTPP-DBTh CMP [43,44]. The elevated
residual masses suggest that the polymers exhibit substantial
cross-linking within their conjugated networks.

3.2. Porosity and morphology

One popular way to assess the porosity of the material is to run gas
adsorption/desorption experiments with nitrogen as the adsorbate
(Fig. 2a and b). After that, we analyzed the obtained data from these
measurements using the Brunauer-Emmett-Teller (BET) hypothesis. The
type-II isotherms depicted in Fig. 2a illustrate the adsorption/desorption
characteristics of nitrogen on the TPP-DBTh and BTPP-DBTh CMPs.
These isotherms exhibit considerable increases in nitrogen adsorption at
low relative pressures (P/P, values below 0.1) and high relative pres-
sures (P/P, values above 0.93). The pronounced rise at low pressures
implies the existence of micropores, whereas the increase at high pres-
sures signifies the presence of mesopores within the structure of these
two CMPs. Fig. 2b and Table S6 indicate that the pore size distribution
graph for TPP-DBTh exhibited one broad maximum at 1.29-3.59 nm,
whereas BTPP-DBTh displayed two broad peaks at 0.66-1.58 nm and
1.58-3.59 nm. The pore volumes of the CMPs are recorded as 0.44 cm®
g~! for TPP-DBTh and 0.52 cm® g~! for BTPP-DBTh (Table S6).
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Furthermore, the TPP-DBTh CMP exhibited a surface area of 308 m? g’l,
while the BTPP-DBTh CMP showed a higher surface area of 388 m? g~*
(Table S6). This suggests that both TPP-DBTh and BTPP-DBTh CMP
possessed substantial surface areas, indicating enhanced porosity and
surface reactivity possibilities. The synthesized CMPs’ nanoscale mor-
phologies were analyzed employing transmission electron microscopy
(TEM) and field emission scanning electron microscopy (FE-SEM). The
TEM images of TPP-DBTh CMP revealed the self-assembly of hollow rod-
like structures measuring several micrometers in length and averaging
150 4+ 70 nm in width (Fig. 2c—e). In contrast, BTPP-DBTh CMP formed
irregular, tiny fibers that were curled and had a length of around 600 +
80 nm and a breadth of around 200 + 70 nm (Fig. 2f-h). Consequently,
the planarity of the TPP-3Br monomer had a significant impact on the
crystallite structure of the obtaining CMP; the planar TPP-3Br monomer
yielded the rod-like TPP-DBTh CMP [11,38,45,46]. Additionally, the
FE-SEM imaging confirmed the rod-like morphology architecture of the
TPP-DBTh CMP and the non-spherical BTPP-DBTh CMP (Figs. S14a-d).
Furthermore, as demonstrated by our respective elemental mappings
produced from energy-dispersive X-ray spectroscopy (EDS)
(Figures S14e-h and i-1), it was discovered that both CMPs had a uni-
form distribution of sulfur, oxygen, nitrogen, and carbon atoms
throughout their skeletons.

3.3. Electrochemical properties

With the redox-active structures, high surface areas, excellent ther-
mal stability, and hierarchical micro and mesopore topologies, our TPP-
DBTh and BTPP-DBTh CMPs may prove to be useful materials for
supercapacitors. As such, we first evaluated the electrochemical capa-
bilities of TPP-DBTh and BTPP-DBTh CMP-coated electrodes by building
three-electrode capacitors in an aqueous solution electrolyte containing
potassium hydroxide (3M). These supercapacitors used glassy carbon,
platinum wire, and Hg/HgO for working, counter, and reference elec-
trodes. The quasi-reversible redox forms were evident in the cyclic

o B

Fig. 2. (a) N, adsorption/desorption isotherms and (b) Pore size distribution curves of CMPs. (c-h) HR-TEM images of (c-e) TPP-DBTh CMP and (f-h) BTPP-

DBTh CMP.
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voltammetry (CV) curves (Fig. 3a and b), showing the pseudocapacitive
characteristics of the two types of TPP-DBTh and BTPP-DBTh CMPs in
the +0.0 V to —0.7 V potential range at different scan rates that varied
from 5 to 200 mV s~ [47]. The TPP-DBTh CMP oxidation and reduction
peak potentials were found to be —0.40 and —0.43 V, respectively,
within a rate of 5 mVs™!; for BTPP-DBTh CMP, these values were
determined to be —0.37 and —0.43 V, respectively (Fig. 3a and b). There
was also a positive pattern in the oxidation peak potential rose from 5 to
200 mV s}, but a negative pattern in the reduction peak potential. As
the scanning rate increased, the TPP-DBTh and BTPP-DBTh CMP-coated
electrodes’ input impedance led to the peak potential gap growing
(Fig. 3a and b) [9]. Upon raising the sweep rate, the TPP-DBTh and
BTPP-DBTh CMPs’ CV curves held their shape, indicating their quick
kinetics and high rate capabilities [48]. The tight spacing between the
peaks of reduction and oxidation showed a rapid electron transfer be-
tween TPP and DBTh and between BTPP and DBTh. All the earlier results
confirmed the redox mechanism’s quasi-reversibility. Galvanostatic
charging and discharging (GCD) experiments were conducted on the
TPP-DBTh and BTPP-DBTh CMP-coated electrodes across the identical
voltage range, with current densities exceeding 0.5 A g~ to 20 A g™, to
get accurate and specific capacitances. The GCD curves of the two
TPP-DBTh and BTPP-DBTh CMPs, depicted in Fig. 3c,d and S15,
exhibited an inverted V-shape with pronounced bends, hence affirming
the pseudocapacitive properties of the CMPs. The capacitances of the
TPP-DBTh and BTPP-DBTh CMPs were calculated using equation S(1)
and the discharge period; these were found to be 221.86 and 143.27 F
g lat0.5A g !and 98.07 and 75.30 F g~ ! at 5 A g}, respectively
(Fig. 3e). In overview, our research revealed that adding redox-active
DBTh to the CMP’s core significantly affects both its charge energy
storage and redox response. TPP-DBTh and BTPP-DBTh CMPs have
specific capacitances that are higher than those of similar redox-active
materials, such as silsesquioxane-meta-phenylenediamine-based

—
Q

g
—_—
(=2
A
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carbon (c-DDSQ-MPD-BMI, 22.86 F g ' at 05 A g1) [49],
triphenylpyridine-quinoxalinophenazine (TPP-QP CMP) (24.9 F g_l at
0.5 A g 1) [38], troger-base microporous polymer-based carbons
(c-NPIM-EA-TB-70, 41 F g~ at 1.0 A g~1) [50], (c-NPIM-EA-TB-80, 46 F
g 'at 1.0 A g71) [501, Hy phthalocyanine (HPc CMP/CNTs-2) (53.6 F
g’1 at1.0 A g’l) [511], carbazole-thienopyrazine (Cz-TP CMP) (67.38 F
g at 1.0 A g1 [8], silsesquioxane-methylene diphenyldiamine-based
carbon (c-DDSQMDA-BMI, 73.66 F g~ ' at 05 A g™!) [49],
triphenylamine-tetrabenzophenazine (TPA-TBP CMP) (88 F g’1 at1.0A
g1 [52], CMP films from triphenylamine (TPA) (180 KHz) (91.4 F g1
at 10 mV s’l) [531], Fe phthalocyanine-3 (FeNCCs-3) based CMP/carbon
nanotubes (99 F ¢! at 1.0 A g~!) [54], Fe phthalocyanine (FePc
CMP/CNTs-2) based CMP/carbon nanotubes (100.7 Fg ' at 1.0 Ag™1)
[51], triphenyltriazine-quinoxalinophenazine (TPT-QP CMP) (121.9 F
g 1at 0.5 A g71) [38], anthraquinone-base COF (Dg2Dal-TP, 122 F g1
at 1.56 mA cm’z) [55], triazatruxene-based CMPs (TAT-CMP-1, 141 F
g 'at1.0 A g™ 1) [56], Pyridine-linked COF (TaPa-Py, 209 Fg ! at 0.5 A
g’l) [57], and microporous onion-like based carbons (OLC, 211 F g’1 at
5mV s~ 1) [58] (Fig. 3f and Table S7). Compared to inorganic Faradaic
materials, our TPP-DBTh and BTPP-DBTh CMPs offer more advantages
because they are easier to synthesize, more affordable to produce,
lightweight, environmentally friendly, and moldable. Moreover,
because conjugated polymers have mechanical characteristics similar to
those of plastic, it has been suggested that they can be stretched, bent, or
even flexed [59]. As a result, luminescent diodes or polymeric solar cells
can be immediately combined with our CMPs to create low-cost, fully
flexible devices in a shorter manufacturing process.

TPP-DBTh CMP redox-dependent process is shown in Figs. S16a and
S16b. The DBTh redox interaction pathway involves a two-electron
reduction to produce the DBTh?~ anion (Fig. S16a) [60]. Fig. S16b
demonstrates how the DBTh buildings underwent reduction throughout
the process of discharge versus the oxidation process of DBTh%~
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Fig. 3. (a,b) CV profiles and (c,d) GCD profiles of (a,c) the TPP-DBTh and (b,d) BTPP-DBTh CMPs, measured at various scans. (e) Specific capacitances of CMPs at
various current densities. (f) Comparison to previously published redox-active CMPs.
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occurred during the charge phase. The CV curve’s redox peaks at —0.40
and —0.43 V show that DBTh and TPP are stacked up as a single pair
(Fig. 3a). BTPP-DBTh CMP redox-dependent process is shown in
Figs. S17a and S17b. Two electrons were reduced to produce the DBTh?~
anion as part of the redox interaction pathway of DBTh (Fig. S17a) [60].
Fig. S17b demonstrates that while the DBTh buildings underwent
reduction during the discharge operation, the DBTh?~ experienced
oxidation during the charge stages. Overall redox peaks of the CV curve
(Fig. 3b) indicate a single pair of combination events between BTPP and
DBTh (—0.37 and —0.43 V). The suggested redox mechanisms of the
TPP-DBTh and BTPP-DBTh CMPs were validated by conducting cyclic
voltammetry of the monomers under identical conditions utilizing a
three-electrode setup in an aqueous potassium hydroxide (3M) electro-
lyte (Figs. S18a—c). The TPP-3Br and BTPP-4Br monomers exhibited
rectangular cyclic voltammetry curves. However, the DBTh-2Br had a
quasi-reversible redox behavior, indicating that the DBTh unit is the
primary component responsible for redox activity in the TPP-DBTh and
BTPP-DBTh molecular polymers. Furthermore, the proposed redox
process of TPP-DBTh polymer was confirmed by analyzing the chemical
alterations of TPP-DBTh polymer during the discharge (reduction) and
charge (oxidation) processes by ex-situ FTIR (Fig. S19a-c). A reversible
redox reaction occurred in the DBTh structure, as shown by the FTIR
spectra, which showed a notable decrease in the carbonyl C=0 (1644
em™ 1) signal after discharge (Fig. S19b, reduced TPP-DBTh polymer)
and a subsequent recovery upon charge (Fig. S19b, oxidized TPP-DBTh
polymer). Fig. S19¢c shows that the C=0 functionality is reversible, as
demonstrated by the increase and intensity of the C-O (1118 cm ). To
comprehend the kinetic process of charge storage in the constructed
electrode, electrochemical impedance spectroscopy (EIS) is typically
employed to evaluate the speed at which ions diffuse and the resistivity
of charge to flow in the built electrode. The Nyquist charts for the
TPP-DBTh and BTPP-DBTh CMP-based electrodes are presented in
Fig. 4a. Our electrodes showed tiny semicircles at the high-frequency
fields, indicating minimal charge flow impedance and robust
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connectivity for the electrolyte ions [61]. Our electrodes showed
roughly vertical lines at low frequencies, showing their high capacitive
properties [60]. By examining the Z' axis intercept, we were able to
determine the intrinsic ohmic resistivity (Rs), which expressed the
conductivity of the TPP-DBTh and BTPP-DBTh CMP-based electrodes.
An electrode utilizing BTPP-DBTh CMP had superior permeability and
reduced charge transfer impedance compared to the TPP-DBTh CMP, as
evidenced by the lower Ry value of 9.88 Q and the bigger Ry value of
26.01 Q for the BTPP-DBTh CMP (Fig. 4a). The experimental Nyquist
charts were fitted using the corresponding circuit as shown in Fig. 4b.
The C, R, Rs, and W represented the capacitor, resistivity of charge
transfer, ohmic resistivity, and Warburg impedance, respectively.
Table S8 displays that TPP-DBTh displayed C, Rs, Rct1, Reto of 6.02 E—5
F, 9.88, 306.1, and 6465 Q, respectively, whereas BTPP-DBTh displayed
C, Rg, Ret1, Rerp of 5.93 E-5 F, 26.01, 780.3, and 11957 Q, respectively.
As a result, The TPP-DBTh CMP-based electrode has higher pseudoca-
pacitance than the BTPP-DBTh electrode due to its lower R value [62].
Bode plots (Fig. 4c) reveal 79 and 107 ms relaxation time constants for
TPP-DBTh and BTPP-DBTh CMPs, respectively, confirming their high
transport and diffusion characteristics, as supported by Nyquist plots.
Furthermore, the electron conductivity of CMPs was assessed at ambient
temperature using the four-probe approach. The conductivity of
TPP-DBTh CMP is 3.45 Siemen cm !, surpassing that of BTPP-DBTh
CMP (2.70 Siemen cm ') and exceeding numerous other comparable
organic materials (Table S9). The TPP-DBTh CMP electrode has higher
conductivity and capacitance. The specific capacitance and lifespan of
the associated supercapacitor were significantly increased by adding
redox-active DBTh and TPP to the CMP. Furthermore, we subjected our
TPP-DBTh and BTPP-DBTh CMP-based electrodes to upwards of 10,000
charging-discharging cycles at an applied current density of 10 A g~ .
This allowed us to assess their durability. Given that CMPs were able to
retain 77.45 and 87.86 % of their initial specific capacitance, respec-
tively, the TPP-DBTh and BTPP-DBTh CMPs had good cycle stability, as
shown in Fig. 4d. After 10,000 charging and discharging cycles, the
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Fig. 4. (a) Nyquist plots and their corresponding fitted plots, (b) equivalent circuits, (c) Bode plots, and (d) cycling stabilities of the TPP-DBTh and BTPP-DBTh CMPs.
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chemical stability of the TPP-DBTh and BTPP-DBTh CMPs was assessed
by analyzing their FTIR spectra. The investigation revealed that peaks
belonging to conjugated backbones, such as C=C stretching in aromatic
rings, stay unchanged, and functional groups related to redox activity,
including C=0, C=N, and C-S, exhibit no significant alterations or loss
of intensity (Fig. S20). Such data confirmed the high chemical stability
of our CMPs.

To understand the capacitive contribution provided by TPP-DBTh
and BTPP-DBTh CMPs and the relationship between current (i) and
scan rate (v), we employed the power law (Equation (1)) [63].

i=af 6))

The slope of a graph depicting log(i) vs log(v) was employed to
ascertain the final value of b. TPP-DBTh CMP has an estimated b value of
0.69 for the cathodic peak and 0.63 for the anodic peak, as illustrated in
Fig. 5a. The calculated b value for the BTPP-DBTh CMP was 0.79 for the
cathodic peak and 0.72 for the anodic peak, as illustrated in Fig. 5b. The
results indicated that the energy storage of these two CMPs may be
achieved by the simultaneous operation of diffusion- and capacitance-
controlled mechanisms [64,65].

The capacitive contribution to total capacity was determined utiliz-
ing a procedure that follows Equation (2) [63].

i(V) = kv + kv )

where i(V) is the total current at a constant potential of V, currents
generated by the diffusion-controlled process, and capacitive effects are
k1v and kov'/2. Fig. 5c and d shows that the BTPP-DBTh CMP exhibited a
superior capacitive contribution in comparison to the TPP-DBTh CMP,
with 10 % and 20 % of the total capacity, respectively, at a scanning rate
of 5 mV s~ As the scanning speed escalated from 5 to 200 mV s},
capacitance contribution increased to 60 % for TPP-DBTh (Fig. 5e) and
62 % for BTPP-DBTh (Fig. 5f). This occurs because, at elevated scan
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rates, diffusion of ions into the CMP’s network requires less time.

The improved specific capacitance of TPP-DBTh CMP compared to
BTPP-DBTh CMP can be attributed to the following advantages: Initially,
TPP moiety exhibits greater planarity than the BTPP moiety (Fig. 521),
which demonstrates a significant interaction of n-t bonds that facilitates
the mobility of electrolytic ions [66,67]. Second, the enhanced electrical
conductivity and diminished resistance to charge transmission of the
TPP-DBTh CMP, in contrast to the BTPP-DBTh CMP, supported speed
rate capabilities. Third, the TPP-DBTh CMP exhibited a hollow rod-like
morphology, enhancing electron affinity and increasing ion storage ca-
pacity [68].

Therefore, to investigate the prospective application of TPP-DBTh
CMP in practically supercapacitor apparatuses, we developed a sym-
metric supercapacitor (SC) device featuring a two-electrode layout. Two
adaptable TPP-DBTh CMP-based electrodes, affixed to carbon sheets,
were interposed with a piece of filter paper, utilizing a 3 M potassium
hydroxide solution as the electrolyte (Fig. 6a). Under scan speeds be-
tween 5 and 500 mV s~! within a potential range of +0.0 to +1.2 volt,
the quasi-reversible styles in the CV records showed rapid electrolyte
diffusion into the electrode layer (Fig. 6b). These profiles stayed
significantly unchanged during the entire sweep [34]. The GCD plots of
the TPP-DBTh CMP-based SC system at different current densities
ranging from 0.5 A g~ ! to 10.0 A g~ ! are displayed in Fig. 6¢. Our
device’s specific capacitance was calculated using equation S(4) and the
associated GCD curves. The specific capacitances were 384.61, 311.53,
289.31, 269.23, 251.34, 240.47, 236.45, and 231.45 F g~ ! at current
densities of 0.5, 1, 2, 3, 5,7, 8, and 10 A g~ 1 (Fig. 6d), respectively,
indicating the good performance of our TPP-DBTh CMP-based SC de-
vice. These values of capacitance are better than those of symmetric SC
devices and SC devices which have already been described before, both
of which use similar redox-active materials (94-364 F g_l) (Table S10)
[69-74]. The reason for the increased capacitance in the two-electrode
device compared to the three-electrode configuration is as follows: In a
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three-electrode setup, the working electrode, where capacitance is
assessed, is often a solitary electrode, and the voltage is regulated in
relation to a reference electrode. The effective surface area in contact
with the electrolyte is diminished. In a two-electrode design, both
electrodes participate in charge storage, so essentially doubling the
active surface area and enhancing capacitance. Furthermore, in the
three-electrode setup, only one electrode participates in charge storage,
whereas the reference electrode does not store charge. In a device, both
electrodes engage in charge storage, resulting in increased electric
double-layer capacitance and potential pseudocapacitance contribu-
tions from redox-active sites inside the CMP material. Therefore, the
elevated capacitance in the TPP-DBTh CMP device, in contrast to the
three-electrode configuration, can be attributed to the augmented active
surface area, improved ionic transport, and complete use of both elec-
trodes. The Ragone plot (Fig. 6e) indicates that our TPP-DBTh
CMP-based symmetric supercapacitor device achieved an optimal en-
ergy density of 77.13 W h kg™}, and a power density of 461.53 W kg .
Based on similar redox-active materials, these values surpass that of
earlier published SC and asymmetric SC systems [49-58,75-77], Fig. 6f
shows the TPP-DBTh CMP-based SC device’s 91.81 % capacitance
retention after 2000 charging-discharging cycles at an applied current
density of 0.5 A g7}, exhibiting great cycle lifetime and rate proficiency.
FTIR spectra were used to evaluate the chemical stability of TPP-DBTh
CMP after 2000 charging and discharging cycles. Investigation shows
that conjugated backbone peaks, such as C=C stretching in aromatic
rings, remain intact; functional groups associated with redox activity,
including C=0, C=N, and C-S, do not change or lose intensity
(Fig. S22). This result supported our CMP’s chemical stability.

4. Conclusions

During this study, we successfully prepared two types of CMPs (TPP-
DBTh and BTPP-DBTh CMPs) through coupling polymerization using

cheap TPP, BTPP, and DBTh monomers. A novel class of nitrogen-rich
pyridine moiety-based electrochemically active polymers has been
designed, fabricated, and evaluated as efficient, high-performance
supercapacitor electrodes. The chemical structures were confirmed by
spectroscopic approaches include FTIR as well as solid-state 13C NMR.
Based on the results of the BET and TGA analyses, TPP-DBTh and BTPP-
DBTh CMPs demonstrated high specific surface area of up to 308 m? g !
and robust thermal stability (701.78 °C Td;o, 83.61 % char yield). In
particular, the TPP-DBTh CMP showed high electron conductivity 3.45
Siemen cm ™! and better three-electrode capacitance of as good as
221.86 F g1 3 a current density of 0.5 Ag™! and good stability (77.45 %)
after 10,000 cycles due to its planarity. Furthermore, during 2000 cycles
in the two-electrode symmetric supercapacitor apparatus at a broad
range of 1.2 V, the TPP-DBTh CMP-based supercapacitor device attained
a capacitance of 384.61 F g™, a capacity retention of 91.81 %, and a
highly effective energy density of 77.13 W h kg ™! at 461.53 W kg™ 1. Our
research suggests that CMPs’ strong specific capacitances, simple syn-
thesis, and high surface areas make them promise for energy storage and
conversion technologies.
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