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ARTICLE INFO ABSTRACT

Keywords: Conjugated microporous polymers (CMPs) boast high surface area, adjustable properties, and resilience, making
Am}_"aqum"ﬂ? them ideal for energy storage. In this work, we succeeded in creating a pair of CMPs with 1,4-bis(2,6-diphenyl-
Conjugated microporous polymers pyridin-4-yl)benzene (BTPP) and anthracene-9,10-dione (AQ) moieties, namely BTPP-Ph-AQ and BTPP-BPh-AQ

Redox-active materials
Heteroatom-rich
Supercapacitors

CMPs, through one-pot Suzuki coupling polymerization. BTPP-Ph-AQ CMP was synthesized through the com-
bination of 1,4-bis(2,6-bis(4-bromophenyl)pyridin-4-yl)benzene (BTPP-4Br), 1,4-phenylenediboronic acid (Ph-
2B0), and redox-active 2,6-dibromoanthracene-9,10-dione (AQ-2Br), while BTPP-BPh-AQ CMP was synthesized
by combining (BTPP-4Br), 1,1-biphenyl-4,4-boronic acid (BPh-2BO), and (AQ-2Br). Our synthesized CMPs
demonstrated elevated surface area (up to about 254 m? g~1) and significant thermal stability. High surface area,
planarity, and heteroatoms (i.e. active sites) allowed efficient energy storage. The BTPP-Ph-AQ CMP achieved the
maximum specific capacity for CMP with a three-electrode capacitance of 632.76 F g ! at 0.5 A g~ and 84.29 %
stability over 10,000 cycles. Using BTPP-Ph-AQ CMP, the two-electrode symmetric supercapacitor equipment
achieved 119.61 F g~! specific capacitance and 23.92 Wh kg™! maximum energy density. These findings
demonstrate an effective method for producing economical heteroatom-enriched conjugated microporous
polymers with hierarchical porosity for energy storage purposes.

* Corresponding author. Department of Materials and Optoelectronic Science, National Sun Yat-Sen University, Kaohsiung, 80424, Taiwan.
E-mail address: ahmedelmahdy@mail.nsysu.edu.tw (A.F.M. EL-Mahdy).

https://doi.org/10.1016/j.jpowsour.2025.238225

Received 3 February 2025; Received in revised form 8 July 2025; Accepted 22 August 2025

Available online 6 September 2025

0378-7753/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-4306-7171
https://orcid.org/0000-0002-4306-7171
https://orcid.org/0000-0002-5237-750X
https://orcid.org/0000-0002-5237-750X
mailto:ahmedelmahdy@mail.nsysu.edu.tw
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2025.238225
https://doi.org/10.1016/j.jpowsour.2025.238225
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2025.238225&domain=pdf

S. Abdelnaser et al.

1. Introduction

Energy demand and supply are unevenly distributed globally, lead-
ing to a significant global challenge [1]. The combustion of fossil fuels in
the presence of oxygen releases greenhouse gases, contributing to
environmental pollution, accelerating global warming, and harming
ecosystems [2]. In response to these challenges, many countries have
actively supported and invested in developing renewable and clean
energy technologies [3-5]. Examples include solar, nuclear, and wind
energy, as well as energy storage systems like supercapacitors (SCs) [6].
Supercapacitors (SCs), also known as ultracapacitors or electrochemical
capacitors, offer high power density, greater energy density than con-
ventional capacitors, and rapid charge/discharge capabilities. They
operate through reversible electrochemical processes at the
electrode-electrolyte interface, enabling swift energy delivery during
power fluctuations or outages [7]. There are two primary mechanisms
for energy storage in supercapacitors (SCs). The first is electric
double-layer capacitance (EDLC), which stores energy through electro-
static charge separation at the electrode-electrolyte interface. The sec-
ond is pseudocapacitance, which involves fast and reversible faradaic
(redox) reactions that contribute additional energy storage. Together,
these mechanisms enhance the overall capacitance and performance of
SCs [8,9]. Thus, the choice of electrode materials is crucial for
enhancing the performance of supercapacitors [10-12]. Despite limited
electroactive sites, carbon-based materials are preferred for EDLC elec-
trodes due to their high surface area, good conductivity, and chemical
stability. However, they suffer from low energy density and limited
conductivity [13,14]. Pseudocapacitive materials—such as conductive
polymers, metal sulfides, and transition-metal oxides—store charge via
reversible faradaic redox reactions, enhancing supercapacitor energy
density [15,16]. However, repeated ion intercalation and dein-
tercalation can cause mechanical instability, limiting electrolyte access
to active sites and reducing capacitance and efficiency [17]. The ca-
pacity, cyclic stability, and ion/electron transport in metal sulfides and
transition-metal oxides have been enhanced by reducing particle size to
the nanoscale for increased surface area, doping or adding elements to
modify electronic properties and boost conductivity and stability, and
integrating them with conductive matrices like carbon materials [16,
18-20]. The coupling of carbon-based materials with pseudocapacitive
elements signifies substantial progress in creating high-performance
energy storage systems [11,21,22]. These options enhance energy den-
sity despite affecting rate capability, power density, and cycling dura-
bility [23]. To optimize these properties and achieve efficient SCs,
electrode materials must have high conductivity, controlled porosity
designs, stable topologies, and redox-active moieties.

Conjugated microporous polymers (CMPs) are a unique class of
porous organic polymers (POPs) with pore diameters extending from the
microporous to the mesoporous range, extensively conjugated z-sys-
tems, high surface area, and adjustable structure and functionality [24,
25]. Their inherent conductivity and thermal and chemical stability
make them ideal for a wide range of applications, including gas storage,
separation, catalysis, and energy storage [26]. The synthesis of CMPs
using C-N and C-C coupling processes includes numerous essential ap-
proaches that enable the development of porous and conjugated topol-
ogies [27-29]. These reactions include Suzuki, Sonogashira, Yamamoto,
oxidative polymerization, cyclotrimerization, phenazine ring fusion,
Buchwald amination, and Schiff base reactions [30-32]. While CMPs
offer many advantageous features, they face several challenges that
could limit their practical applications, including low cycling durability,
poor electronic conductivity, capacity limitations, and restrictions on
practical use [33,34]. Many solutions are being investigated to tackle
these difficulties, including using conductive fillers to improve con-
ductivity and cycling stability and enhancing structural integrity via
cross-linking to augment mechanical durability [35-37]. Also, the
integration of redox-active molecules, including diaminoanthraquinone,
triphenylamine, phenazine, ferrocene, and aza-fused ring, into the
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molecular architecture of CMPs is an efficacious approach to augment
their electrochemical properties, especially capacitance [38-42].

Heteroatom-rich POPs are a key class of materials that incorporate
nitrogen, oxygen, sulfur, and phosphorus elements. The inclusion of
heteroatoms significantly enhances the properties and functionality of
CMPs, making them particularly valuable for applications in energy
storage [43-45]. Developing polymer networks functionalized with ni-
trogen heterocycles is essential for improving electrochemical proper-
ties, including enhanced conductivity, wettability, and increased
pseudocapacitance [46,47]. Pyridine is a heterocyclic aromatic mole-
cule with the molecular formula CsHsN [48]. Pyridine-derived com-
pounds enhance charge transfer, thermal and electrochemical stability,
and electrode conductivity, rendering them advantageous electroactive
materials for energy storage and conversion systems [49-51]. Anthra-
quinones (AQ) is a category of chemical compounds distinguished by a
three-ring structure originating from anthracene, featuring two ketone
groups at positions 9 and 10 of the anthracene framework, with a gen-
eral chemical formula of C;4HgO; [52]. AQ derivatives are multifaceted
molecules with considerable potential for various applications,
including commercial uses in dyes and pigments and innovative tech-
nologies in energy storage and healthcare [53,54].

To our knowledge, there have been no documented studies or ex-
aminations about the utilization of CMP skeletons, which include 1,4-bis
(2,6-bis(4-bromophenyl)pyridin-4-yl)benzene (BTPP-4Br) and redox-
active 2,6-dibromoanthracene-9,10-dione (AQ-2Br). This study suc-
cessfully employed Suzuki-Miyaura coupling polymerization to synthe-
size two redox-active pyridine and anthraquinone CMPs (BTPP-Ph-AQ
and BTPP-BPh-AQ CMPs) for energy storage applications. The BTPP-Ph-
AQ CMP was synthesized via the reaction of (BTPP-4Br) (Scheme S1),
1,4-phenylenediboronic acid (Ph-2BO), and (AQ-2Br) (Scheme S2), in
DMF, while the BTPP-BPh-AQ CMP was prepared using (BTPP-4Br), 1,1
biphenyl-4,4"-boronic acid (BPh-2BO), and (AQ-2Br) (Schemes S3, S4,
and 1). It is well established that a material’s structure critically in-
fluences its electrochemical performance. In this context, anthraquinone
emerges as an ideal building block due to its excellent redox properties,
high specific capacity, extended conjugation, and superior planarity,
making it highly effective for enhancing electrochemical characteristics
[55,56]. Biphenyl, consisting of two benzene rings connected by a single
bond, is a non-planar, high molecular-weight molecule [57]. Prior data
shows that BTPP-Ph-AQ CMP has a higher surface area of 254 m? g},
excellent thermal stability, a specific capacity of 632.76 F g1 at 0.5 A
g1, and remarkable cycling stability, retaining 84.29 % of its original
capacitance after 10,000 charge-discharge cycles. BTPP-Ph-AQ CMP can
also be used to make symmetric two- and three-electrode capacitors for
charge energy storage.

2. Experimental
2.1. Materials

Terephthalaldehyde (98 %) and 4-bromoacetophenone (98 %) were
obtained from Alfa Aesar, while 1,4-benzenediboronic acid (96 %) was
sourced from Thermo Scientific. Additional reagents and materials used
to synthesize polymers are detailed in the Supporting Information
(Section S1. Materials).

2.2. Preparation of BTPP-Ph-AQ CMP

Scheme S3 describes the Suzuki coupling synthesis of BTPP-Ph-AQ
CMP. In a 50 mL two-neck flask, 1,4-bis(2,6-bis(4-bromophenyl)pyri-
din-4-yl)benzene (150 mg, 0.176 mmol), 1,4-phenylenediboronic acid
(116.69 mg, 0.706 mmol), 2,6-dibromoanthracene-9,10-dione (128.75
mg, 0.352 mmol), and Pd(PPh3)4 (21 mg, 0.018 mmol). The reaction
mixture received 25 mL of DMF and 550 mg of potassium carbonate in 5
mL of aqueous solution. The tube was heated for 72 h at 130 °C. The
reaction mixture was centrifuged and washed three times with THF until
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Scheme 1. Design and synthesis manner of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs.
colorless after cooling to 25 °C. The method produced 66.02 % BTPP-Ph- reaction mixture was centrifuged and washed three times with THF until

AQ as a pale green solid.

2.3. Preparation of BTPP-BPh-AQ CMP

colorless after cooling to 25 °C. The method produced 57.6 % BTPP-BPh-
AQ CMP as a pale green solid.

3. Results and discussion

Scheme S4 describes the Suzuki coupling synthesis of BTPP-BPh-AQ
CMP. In a 50 mL two-neck flask, 1,4-bis(2,6-bis(4-bromophenyl)pyridin- 3.1. The production and characterization of materials
4-yl)benzene (150 mg, 0.176 mmol), 1,1-biphenyl-4,4'-boronic acid

(170.73 mg, 0.706 mmol), 2,6-dibromoanthracene-9,10-dione (128.75 We successfully synthesized BTPP-Ph-AQ and BTPP-BPh-AQ CMPs
mg, 0.352 mmol), and Pd(PPh3)4 (21 mg, 0.018 mmol). The reaction utilizing the precursors BTPP-4Br (Scheme S1 and Fig. S1-3) and AQ-
mixture received 25 mL of DMF and 550 mg of potassium carbonate in 5 2Br (Scheme S2), which were produced with high yields according to
mL of aqueous solution. The tube was heated for 72 h at 130 °C. The recorded protocols in the literature [58,59], as detailed in the respective
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Fig. 1. (a,b) FT-IR spectra of (a) BTPP-Ph-AQ CMP and its monomers. (b) BTPP-BPh-AQ CMP and its monomers. (c) Solid-state 13C NMR spectra of BTPP-Ph-AQ and
BTPP-BPh-AQ CMPs. (d) XPS survey spectra of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs. (e,f) XPS spectra of the (e) Cls for the BTPP-Ph-AQ CMP and (f) C1s for the

BTPP-BPh-AQ CMP.
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Fig. 2. (a) Nitrogen adsorption and desorption isotherms at 77K and (b) Distribution curves for pore size in CMPs. (c-h) HR-TEM photos of (c-e) BTPP-Ph-AQ CMP

and (f-h) BTPP-BPh-AQ CMP.

synthetic pathways depicted in (Schemes 1, S3, and, S4). BTPP-Ph-AQ
CMP (Schemes 1 and S3) was obtained as non-soluble pale green
solids via the incorporation of Ph-2BO and AQ-2Br with BTPP-4Br,
whereas combining BPh-2BO and AQ-2Br with BTPP-4Br to give
non-soluble pale green solids of BTPP-BPh-AQ CMP (Schemes 1 and S4).
The resultant CMPs demonstrate very limited solubility in common
solvents including alcohols, acetone, dimethylformamide (DMF), and
tetrahydrofuran (THF), hence affirming their robust crosslinking.
Following thorough purification, inductively coupled plasma atomic
emission spectroscopy (ICP-AES) indicates limited palladium impurities
(0.02-0.03 mol%) in the resulting BTPP-Ph-AQ and BTPP-BPh-AQ
CMPs.

The chemical composition and thermal characteristics of the pro-
duced CMPs were verified using multiple analyses, including infrared
(FTIR), solid-state 3¢ NMR (SS NMR), X-ray photoelectron spectros-
copy (XPS), and thermogravimetric analysis (TGA) examinations. The
FTIR profiles of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs exhibit absorp-
tion signals at 3039 and 3034 cm ™! for C-H aromatic bonds, 1674 and
1671 cm™! for C=0, 1596 and 1594 cm™! for C=N, and 1546 and 1545
c¢m ! for C=C vibration (F ig. 1a and b). The total lack of B-O and OH
stretching vibration peaks in both CMPs in comparison to their pro-
genitors, Ph-2BO (1350 c¢m 1) and BPh-2BO (1344 cm’l), accompanied
by the absence of the C-Br bond absorbance peak at 663 cm™! in the
BTPP-4Br head monomer signifies the successful creation complete
coupling between the monomers, leading to the desired polymers.
Moreover, SS NMR of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs presented
three principal resonance areas at 186-172, 160-142, and 139-122
ppm, corresponding to the carbonyl C=0, aromatic C = X (X = C, N),
and aryl C-H carbon nuclei, respectively (Fig. 1c). The prior results
provide additional confirmation that the monomer molecules were
polymerized entirely. XPS is employed to ascertain the types and
quantities of elements in a sample, investigate the elements’ oxidation
states and chemical surroundings, and examine the chemical bonding
and interactions at the material’s surface. Fig. 1d illustrates the O 1s, N
1s, and C 1s orbitals, which exhibit three prominent peaks at 533, 398,
and 286 eV for the BTPP-Ph-AQ CMP, and at 534, 400, and 286 eV for
the BTPP-BPh-AQ CMP. As a result, the lack of additional components in
the XPS analysis suggests that no unwanted substances were present
throughout the synthesis of our CMPs. To further understand the C

species identified in our CMPs, we fitted the experimental XPS data to
the C 1s orbital. As shown in Fig. 1e and Table S1, the subdivision of C 1s
orbital of the BTPP-Ph-AQ CMP into four peaks: 284.39 eV for C=C
bonds, 285.13 for C-C bonds, 285.41 for C=N bonds, and 285.55 for
C=0 bonds. The subdivision of C 1s orbital of the BTPP-BPh-AQ CMP
onto four peaks: 284.27 eV for C=C bonds, 284.84 for C-C bonds,
285.19 for C=N bonds, and 285.41 for C=0 bonds (Fig. 1fand Table S1).
The BTPP-Ph-AQ CMP exhibits bond contents of 87.09 %, 5.15 %, 3.42
%, and 4.33 %, corresponding to C=C, C-C, C=N, and C=O, respec-
tively, while the BTPP-BPh-AQ CMP shows values of 89.73 %, 4.15 %,
2.68 %, and 3.45 %, respectively (Table S2). Following sensitivity factor
correction, the elemental ratios in the CMPs were obtained by analyzing
the peak areas of each component in the XPS survey spectrum. The
elemental ratios of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs were experi-
mentally determined by analyzing the peak areas of each element in the
XPS survey spectra, adjusted using sensitivity factors. The results,
summarized in Table S3, show a strong correlation with the theoretical
elemental ratios derived from the chemical structures of the respective
CMPs, as presented in Table S4. The thermal stabilities of our synthe-
sized polymeric frameworks were examined using TGA. This measure-
ment was assessed under a nitrogen flow from 100 °C to 800 °C. TGA of
the BTPP-Ph-AQ and BTPP-BPh-AQ CMPs indicated elevated thermal
decomposition temperatures at 10 % weight loss (638.43 °C and
634.62 °C, respectively), along with significant char yields of 78.9 % and
75.02 % (Fig. S4 and Table S5). The exceptional thermal stability of
these CMPs probably arises from the thermal stability of pyridine moi-
eties and the planarity of anthraquinone units, which enhance n-stack-
ing interactions inside the CMP layers.

3.2. Porosity and morphology

Gas adsorption and desorption analyzes utilizing nitrogen as the
adsorbate at 77 K are a conventional technique for evaluating the
porosity of materials, particularly for porous substances such as conju-
gated microporous polymers (CMPs) (Fig. 2a and b). Following that,
utilizing the Brunauer-Emmett-Teller (BET) theory on gas adsorption
data to provide a quantitative comprehension of the surface area and
porosity attributes of our CMPs. The Nj sorption isotherms at 77 K for
BTPP-Ph-AQ CMP and BTPP-BPh-AQ CMP exhibit Type IV behavior with
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Fig. 3. (a,b) CV curves and (c,d) GCD curves of (a,c) the BTPP-Ph-AQ and (b,d) BTPP-BPh-AQ CMPs, tested at different scans. (e) Determined specific capacitances of
the BTPP-Ph-AQ and BTPP-BPh-AQ CMPs, tested at different current densities. (f) Specific capacitances of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs compared to earlier

reported redox-active CMPs.

H3- type hysteresis loops, indicating mesoporous structures with slit- or
wedge-shaped pores. The minimal adsorption at low relative pressures
(P/Py < 0.1) suggests limited microporosity, while the increased uptake
at higher relative pressures (P/Py, > 0.9) is attributed to capillary
condensation in mesopores (Fig. 2a). The presence of hysteresis loops
between the adsorption and desorption branches further confirms the
mesoporous character of both CMP. These characteristics align with the
amorphous and possibly aggregated nature of the CMP networks. We
also calculated the pore volumes and BET specific surface areas of the
synthetic CMPs using their curves; for the BTPP-Ph-AQ CMP, these were
0.30 cm® g~! and 254 m? g™}, respectively; and for the BTPP-BPh-AQ
CMP, these were 0.09 cm® g~! and 169 m? g™}, respectively. Fig. 2b
and Table S6 show the results of using nonlocal density functional the-
ory (NL-DFT) to predict the pore dimensions of BTPP-Ph-AQ CMP and
BTPP-BPh-AQ CMP. According to Fig. 2b and Table S6, BTPP-Ph-AQ
CMP has a microporous structure with pore dimensions ranging from
1.65 to 3.41 nm and a few mesopores measuring 3.77-6.7 nm. Micro-
porous BTPP-BPh-AQ CMP has pores ranging from 1.72 to 3.59 nm and a
small number of mesopores from 3.97 to 6.72 nm. In agreement with the
isotherm curves, the majority of the measured pore sizes fell into the
microporous and mesoporous categories. Reports indicate that polymers
maintaining a planar structure frequently have expanded surface areas
[41]. Consequently, the results align with the planarity of the CMPs; the
BTPP-Ph-AQ CMP demonstrated more excellent planarity, resulting in
high BET surface area, whereas the BTPP-BPh-AQ CMP demonstrated
reduced planarity, causing reduced BET surface area.

The structural morphologies of our new polymers have been exam-
ined using both field emission scanning electron microscopy (FE-SEM)
and high-resolution transmission electron microscopy (HR-TEM)
research. The TEM pictures of both BTPP-Ph-AQ and BTPP-BPh-AQ
CMPs reveal an ordered nanorod morphology, with nanorod lengths
extending to several micrometers (Fig. 2c-h). We ascribe the rod-like
shape of our novel CMPs to the planarity of their monomers, AQ, and
Ph units, as well as the hydrogen bonding between the hydrogen and
oxygen atoms, or perhaps between the hydrogen and nitrogen atoms.
Field-effect SEM affirms the nanorod morphology of the BTPP-Ph-AQ
and BTPP-BPh-AQ CMPs (Fig. S5a-d). Atoms of oxygen, nitrogen, and

carbon were found to be evenly distributed across the polymer frame-
work’s surface, according to elemental mapping produced using energy
dispersive X-ray spectroscopy (EDS) (Figs. S5e-g and h—j).

3.3. Electrochemical properties

Our BTPP-Ph-AQ and BTPP-BPh-AQ CMPs display redox-active
properties, remarkable thermal stability, extensive surface areas, rod-
like structures, and hierarchical micro- and mesopore architectures,
making them talent supercapacitor materials. We examined the elec-
trochemical behavior of our novel CMPs using cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) in a setup with three elec-
trodes submerged in aqueous KOH (3 M) as electrolyte. Thus, we
initially evaluated the electrical and electrochemical properties of these
CMPs in a 3 M KOH aqueous electrolyte with a three-electrode config-
uration, employing platinum wire, Hg/HgO and glassy carbon as the
counter electrode, reference electrode, and working electrode, respec-
tively. We documented the CV curves of asymmetric supercapacitors
utilizing BTPP-Ph-AQ and BTPP-BPh-AQ CMPs within the —1.0 to 0 V
potential range at various scan rates ranging from 5 to 200 mV s
(Fig. 3a and b) [60]. Fig. 3a and b illustrate the peak potentials for the
oxidation and reduction of BTPP-Ph-AQ CMP were measured at —0.0.61
and —0.0.66 V, respectively, at a scan rate of 5 mVs~}; for BTPP-BPh-AQ
CMP, the corresponding values were —0.64 and —0.74 V. In comparison
to the BTPP-BPh-AQ CMP, the BTPP-Ph-AQ CMP offers a greater current
density. The rectangular shapes seen in the CV curves of these CMPs
point to EDLC as the main source of capacitive response, with almost
little pseudocapacitance owing to the electron-rich phenyl rings, oxy-
gen, and nitrogen heteroatoms present [61-63]. Increasing the sweep
rate from 5 to 200 mV s~ ! increased current density while retaining the
CV curve form, exhibiting quick kinetics and rate capabilities [64]. Our
CMPs’ short oxidation-reduction band intervals indicate fast electron
transport across AQ and BTPP. All previous observations supported the
redox process’s quasi-reversibility. We examined the validity of galva-
nostatic charging-discharging to gain a deeper understanding of the
electrochemical-specific capacitances of our CMPs. The GCD scans of
BTPP-Ph-AQ and BTPP-BPh-AQ CMPs were conducted at various current
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Fig. 4. (a) The ortho-normed Nyquist plot and the fitted plot that corresponded, (b) equivalent circuit, (c) Bode plots, and (d) cycling efficiency of the BTPP-Ph-AQ
and BTPP-BPh-AQ CMPs. The stability is tested at a current density of 10 A g~*.

densities ranging from 0.5 to 20 A g’1 (Fig. 3c,d and Fig. S6). The GCD
plateaus of BTPP-Ph-AQ exhibit triangular shapes with pronounced
bending, validating its pseudocapacitance and electric double-layer
capacitance characteristics [65]. The BTPP-BPh-AQ CMP GCD curve is
slightly curved and triangular, suggesting that the higher efficacy is due
to EDLC. This behavior matches CV scan results, which are due to the
enhanced planarity of the phenyl ring and the redox AQ unit derived
from BTPP-Ph-AQ CMP. Furthermore, the abundance of redox sites in
both CMPs situated at the pyridine and anthraquinone moieties presents
a significant potential for pseudocapacitance [66]. Fig. 3c and d shows
that the BTPP-Ph-AQ CMP had a longer discharging time than the
BTPP-BPh-AQ, indicating a higher capacitance. We used Eq. (S1) to
calculate the specific capacitances from GCD curves (Fig. 3e). At current
densities of 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 10.0, 15.0, and 20.0 A g_l, the
specific capacitances for the BTPP-Ph-AQ CMP were 632.76, 316.40,
223.78, 180.44, 143.83, 126.35, 110.90, 96.83, and 87.50 F g},
whereas for the BTPP-BPh-AQ CMP were 490.47, 187.26, 83.16, 59.22,
35.75, 28.70, 24.50, 20.55 and 18.60 F g’l, respectively. The slightly
higher capacitances of BTPP-Ph-AQ compared to BTPP-BPh-AQ are
apparently ascribed to the phenyl group demonstrating superior
planarity compared to the biphenyl system, which enhances aromaticity
and thus improves electron transport characteristics [41]. Additionally,
high molecular weight of BTPP-BPh-AQ compared to BTPP-Ph-AQ can
induce entanglement and disordered packing, hence restricting ion
mobility and diminishing conductivity. Furthermore, a reduced number
of active sites diminishes the faradaic input, which is crucial to the
operation of pseudocapacitors. The reduced number of active sites limits
the polymer’s capacity to hold charge per unit of mass or surface,
resulting in diminished energy storage capacity. Furthermore, the drop
in capacitance at elevated current densities may be ascribed to a variety
of factors, including limitations in ion transport, increased polarization,
resistive losses, side reactions, and potential electrode material damage.
In overall, our research shown that the superior electrochemical per-
formance of BTPP-Ph-AQ and BTPP-BPh-AQ CMPs stems from their
large surface areas, substantial pore volumes, and the integration of
redox-active AQ units within the polymer framework, which

significantly enhances charge storage capacity and redox behavior.
BTPP-Ph-AQ and BTPP-BPh-AQ CMPs exhibit specific capacitance
values that exceed those reported for similar redox-active materials
(Fig. 3f and Table S7) [5,41,67-76]. Our synthesized CMPs provide
various advantages over inorganic Faradaic materials, including
increased tunability, lighter and more flexible designs, improved
chemical stability, cost-effectiveness, scalability, and environmental
sustainability. Their unique combination of organic and conjugated
nature improves performance in energy storage and conversion systems,
providing greater design flexibility and stability in practical applications
than typical inorganic materials.

Fig. S7a and b depict the BTPP-Ph-AQ CMP redox-dependent
mechanism. In the AQ redox interaction pathway, two electrons are
reduced to generate the AQz_ anion (Fig. S7a) [77]. Fig. S7b shows that
AQ structures were reduced during discharge and AQ?~ oxidized during
charge. The redox-dependent process involving BTPP-BPh-AQ CMP is
illustrated in Fig. S8a and b. The redox mechanism is validated using the
cyclic voltammetry measurements of BTPP-4Br and AQ-2Br (Fig. S9a
and b). Cyclic voltammetry experiments indicate that AQ is the primary
redox-active component, whereas BTPP does not directly engage in
redox processes but can affect the electronic characteristics of the entire
CMP. BTPP may indirectly influence the redox behavior of AQ by
altering its surrounding electronic environment, despite BTPP exhibit-
ing no redox activity independently. The CV curves (Fig. 3a and b) show
a single pair of combination events between BTPP and AQ (—0.61 and
—0.66 V in BTPP-Ph-CMP and —0.64 and —0.74 V in BTPP-BPh-CMP).
Furthermore, because the BTPP-Ph-AQ and BTPP-BPh-AQ CMPs have
a medium surface area, a redox-active technique rather than a
double-layer strategy is used to regulate their capacity.

Electrochemical impedance spectroscopy (EIS) serves as a standard
technique for investigating charge storage kinetics. The ortho-normed
Nyquist plots (—Im(Z) vs. Re(Z)) of BTPP-Ph-AQ CMP and BTPP-BPh-
AQ CMP electrodes are presented in Fig. 4a. The measurements were
conducted in 3 M KOH at 25 °C over a frequency range of 100 kHz to
0.01 Hz, using 10 points per decade, an AC amplitude of 5 mV, and a
frequency sweep from high to low. The CMP electrodes exhibited
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minimal charge transfer resistance and excellent conductivity, as evi-
denced by the small semicircle in the high-frequency region [78]. A
diffusion-controlled process manifests as a nearly vertical straight line in
the lower frequencies zone, indicating a decreased ionic diffused resis-
tance within the conducting electrode and the electrolytic solution [79].
At elevated frequencies, the pattern is linked to the relaxation of faradaic
redox capacitors with a redox-active layer (Fig. 4a). AQ/AQ?’s
pseudo-redox reaction causes capacitors to relax. By examining the
interception on the Z' axis, we determined the intrinsic ohmic resistance
(Rs), which indicates the conductivity of the electrodes. The
BTPP-Ph-AQ CMP electrode showed improved ion accessibility and
reduced charge transfer resistance, as reflected by its lower R value of
0.66 Q compared to 1.49 Q for the BTPP-BPh-AQ CMP (Fig. 4a). Ry
represents electrolyte resistance, R.: represents charge transfer resis-
tance at the electrode interface, and W and CPE represent Warburg
impedance and constant phase element, respectively, in a circuit model
(Fig. 4b) that fit EIS results. Table S8 displays Rs and R values of 0.66
and 4.08 Q for the BTPP-Ph-AQ CMP, and 1.49 and 5.22 Q for the
BTPP-BPh-AQ CMP. The R value reduced from BTPP-Ph-AQ to
BTPP-BPh-AQ CMP because the phenyl ring in BTPP-Ph-AQ CMP is more
planar and lower molecular weight than the biphenyl group in
BTPP-BPh-AQ CMP. The BTPP-Ph-AQ CMP-based electrode exhibits
superior pseudocapacitance compared to the BTPP-BPh-AQ electrode,
attributable to its reduced R value [80]. The Bode graphs (Fig. 4c)
show that the BTPP-Ph-AQ and BTPP-BPh-AQ CMPs had relaxation time
constants of 2.5 and 10 s, respectively, indicating their significant
diffusion and transport capabilities. The BTPP-Ph-AQ CMP-based elec-
trode demonstrated elevated conductivity and capacitance, supporting
previous findings. As shown in Fig. 4d, we have tested our materials’
capacitance retention by subjecting them to 10,000 GCD cycles at 10 A
g_l. Notably, the CMPs that were produced, BTPP-Ph-AQ CMP (84.29
%) and BTPP-BPh-AQ CMP (82.66 %), exhibit remarkable cyclic sta-
bility. According to all the results reported earlier, the specific capaci-
tance and lifespan of the associated supercapacitor were significantly
increased when redox-active AQ and a planar phenyl ring were inte-
grated into the CMP backbone. At room temperature, the four-probe
techniques were also used to assess the electron conductivity of CMPs.

BTPP-Ph-AQ CMP exhibits a conductivity of 4.26 S/cm, surpassing the
conductivity of BTPP-BPh-AQ CMP (1.07 x 1072 S/cm) and surpassing
the conductivity of a multitude of other organic materials that are
comparable (Table S9). Following a 4-h immersion in 1M and 3M KOH,
we measured the BTPP-Ph-AQ and BTPP-BPh-AQ CMPs by FT-IR
(Fig. S10). Functional groups associated with redox activity, such as
C=0, show no notable changes or the absence of intensity, and peaks
that include conjugated skeletons, like C=C stretching in aromatic rings,
remain intact according to the analysis. The spectra obtained before and
after immersing in KOH are nearly comparable, confirming the stability
of the CMP network structure.

To elucidate the capacitive contribution of BTPP-Ph-AQ and BTPP-
BPh-AQ CMPs, we analyzed the correlation between electrical current
(i) and scan rate (v) utilizing the subsequent power law equation (Eq.

(1)) [81].
i=a 1)

The value of “b" was estimated by calculating the slope of a log(i) vs
log(v) plot, with “a" standing for a constant value. The BTPP-Ph-AQ CMP
showed anodic and cathodic peaks with calculated b values of 0.63 and
0.69, respectively, (Fig. 5a). In contrast, the BTPP-BPh-AQ CMP showed
anodic and cathodic peaks with calculated b values of 0.77 and 0.59,
respectively, (Fig. 5b). The findings and interpretations proved that
these CMPs could store energy using a combination of capacitive and
diffusion-controlled mechanisms [82]. The enhanced capacitance of
BTPP-Ph-AQ CMP is proved by its extra capacitive contribution relative
to BTPP-BPh-AQ CMP. Eq. (2) calculates capacitive contribution to total
capacity [81].

i(V) =kyv 4 kov'/? @)

Regarding a constant potential V, the total current is denoted as i(V),
with k;v and k;v'/2 representing the currents generated by the diffusion-
controlled mechanism and capacitive effects, respectively. According to
Fig. 5c and d, the BTPP-Ph-AQ and BTPP-BPh-AQ CMPS were found to
contribute 16 % and 8 % of the total capacitance, respectively, when
measured at a rate of 5 mV s~ L. At a scan rate of 200 mV s !, the
capacitive contribution for the BTPP-Ph-AQ CMP climbed to 54 %
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Fig. 6. (a) Graphic design of the BTPP-Ph-AQ CMP-based SC device. (b) CV curves, (c) GCD curves, (d) Specific capacitances, (e) Ragone plots, and (f) cycling
efficiency tested at a current density of 3.5 A g~ ! of the BTPP-Ph-AQ CMP-based SC device.

(Fig. 5e), while for the BTPP-BPh-AQ CMP it grew to 37 % (Fig. 5f). The
reason for this is that when scan speeds increase, ion diffusion into the
CMP’s network becomes faster.

We developed a symmetric supercapacitor (SC) device utilizing a
two-electrode configuration to investigate the feasibility of BTPP-Ph-AQ
CMP in practical supercapacitor applications. Two flexible BTPP-Ph-AQ
CMP-based electrodes coated on carbon sheets were separated by a piece
of filter paper, and the electrolyte was a 3 M KOH solution (Fig. 6a).
Fig. 6b shows that when the scan speeds ranged from 10 to 500 mV s
and the potential range was from +0.0 to +1.2 V, the quasi-reversible
patterns in the CV recordings demonstrated quick electrolyte diffusion
into the electrode layer. Throughout the whole sweep, these profiles
remained remarkably unchanged [83]. Displayed in Fig. 6¢ are the GCD
graphs for current densities ranging from 0.28 A g ™! to 3.5 A g~ of the
BTPP-Ph-AQ CMP-based SC system. Based on the mass of the individual
electrodes, the BTPP-Ph-AQ CMP tethered SC is assumed to have
particular capacitances at various current densities, as shown in Fig. 6d.
At various current densities (0.28, 0.35,0.7,1.4, 2.1, 2.8,and 3.5 A g’l),
the specific capacitances of the SC were 119.61, 95, 58.77, 41.20, 34.83,
31.46, and 29.29 F g~!. Our BTPP-Ph-AQ CMP-tethered SC showed
excellent capacitance maintenance even at high current densities, ac-
cording to these results. These capacitance values are also higher than
those of symmetric SC devices and SC devices with different electrodes
that are assessed using the same redox-active materials [84-88] (27-87
F g~ 1). The Ragone plot (Fig. 6€) shows that the BTPP-Ph-AQ CMP-based
SC device reached 23.92 Wh kg~! energy density, and 234.97 W kg !
power density. Although the power density was increased to 2937.06 W
kg~!, the energy density of the BTPP-Ph-AQ CMP-based SC device was
5.86 Wh kg~ ! and 1.2 V. These values are higher than those of sym-
metric SC devices and supercapacitors that have been disclosed before,
which use similar redox-active materials [69,89-92]. Fig. 6f clarifies the
BTPP-Ph-AQ CMP-based supercapacitor’s 98.86 % capacitance reten-
tion after 4000 cycles of GCD at 3.5 A g !, demonstrating excellent cycle
durability and rate efficacy.

4. Conclusions

In conclusion, we effectively synthesized two types of CMPs utilizing

pyridine and anthraquinone units with favorable yields via one-step
Suzuki coupling polymerization, as confirmed by FTIR and solid-state
NMR spectroscopy. The planarity and nitrogen concentration of mono-
mers influenced BET surface area of CMPs. For planar monomers, the
BTPP-Ph-AQ CMP formed from the most planar monomers had a much
greater BET surface area of 254 m? g~! compared to the BTPP-BPh-AQ
created from less planar and higher molecular weight monomers. A
conjugated structure with redox-active anthraquinone and pyridine
units allowed the BTPP-Ph-AQ CMP to have the highest electron con-
ductivity (4.26 Siemen/cm) and specific capacitance (632.76 F g~ ! at
0.5 A g™1). Capacitance measured at 119.61 F g1, and efficient energy
density 23.92 Wh kg ! at 234.97 W kg ! and 1.2 V in the two-electrode
symmetric supercapacitor system was recorded by BTPP-Ph-AQ CMP.
Such study highlights the significance of monomer planarity and nitro-
gen content in the resulting CMPs. Furthermore, CMPs with redox-active
groups may be ideal for use in energy storage devices.
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