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Conjugated microporous polymers (CMPs) are applied as auspicious electrodes for energy storage
devices. Unfortunately, some synthesized CMPs have low electrical conductivity and poor redox
efficiency, which restrict their practical utilization. Here, we have developed the Friedel-Crafts polymerization
of a cyanuric chloride core and tetraphenylcyclopentadiene-based linkers to produce novel tetraphenylcyclo-
pentadiene-based CMPs, which are thermally transformed at elevated temperatures into porous carbonaceous
electrode precursors for supercapacitors. Various techniques were used to investigate the chemical structure,
porosity, thermal stability, morphology, and electrochemical properties of CMPs before and after thermal
transformation at 700 °C. Among the materials under study, we noticed that the cyclopentenone-trichlorotria-
zine polymer calcined at 700 °C (CP-TCT-700) demonstrates the highest degradation temperature (Ty0 Up to
598 °C) with the maximum char yield (83%), large BET surface area (132 m? g™, and sponge-like morphology.
According to the electrochemical experiments, the specific capacitance (83 F g™) and energy density (11.65 W
h kg™) of CP-TCT-700 are superior to others at 1.0 A g~* in 1 M KOH solution. In addition, its cycling retention
is confirmed with a value of 88% of its gravimetric capacitance over 5000 cycles. The excellent electro-
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Introduction

Lately, the energy crisis has been treated as one of the biggest
global challenges owing to the wide gap between the rising
energy demand and the universal energy deficiency.” In
addition, the periodically rapid consumption of fossil fuels
has led to a lot of environmental issues which should be
solved urgently. Consequently, it is urgent to develop safe and
effective energy storage approaches. Many technologies for
storing energy have been developed and applied, such as bat-
teries and supercapacitors (SCs).>* SCs with the unique merits
of excellent stability, great power density, environmental
safety, and long cycle lifetimes have gained extensive interest
and are considered promising devices for storing energy
electrochemically.>® In general, SCs exhibit higher energy den-
sities compared to classical capacitors, but lower than that of
batteries.”® On the other hand, they can instantaneously
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ture and higher nitrogen and oxygen contents.

reserve and deliver a considerable number of charges, demon-
strating a higher value of power density than batteries. There
are two major mechanistic pathways for electrochemical char-
ging within SCs: electrostatic charge isolation across interfaces
or electric double-layer capacitors (EDLCs)'® and the Faradaic
reaction that occurs between redox-active substrates and an
electrolyte or pseudocapacitors."* The high porosity and large
surface area of organic polymeric electrodes offer EDLC contri-
butions, while different redox-active sites of polymer structures
offer prominent pseudo-energy storage capacitors.'® So, the
nature and composition of the electrode material are the
major factors that influence the performance of SCs."* Both
organic and inorganic materials have been used as electrodes,
but the application of inorganic materials such as doped
carbon and metal oxides is limited due to their poor conduc-
tivity, unsafety, and rare resources. In comparison, organic
substrates, i.e. porous organic polymers (POPs) and conduct-
ing polymers (CPs) are attractive candidates for this purpose
due to their facile chemical preparation, tunable functionali-
zation, and cheap fabrication."* "8

Covalent organic polymers (COPs) are emerging porous
materials that have attracted more attention in academia and
industry.">?° They have diverse characteristics such as excel-
lent thermal and chemical resistance, depressed regeneration
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energy, high BET-specific surface area, great porosity with accessi-
ble pore volume, facile modification, biocompatibility, low
density, various compositions, and outstanding electrical
conductivity.> ™ Owing to the above-mentioned unique pro-
perties, COPs have been utilized in many applications like gene
therapy, drug delivery, catalysis, sensors, pollutant removal,
energy storage and conversion, photovoltaics, light-harvesting,
optical devices, gas capture, storage, and separation.”®>* Several
types of COPs have been synthesized ranging from crystalline
covalent organic frameworks (COFs) and semicrystalline covalent
triazine frameworks (CTFs) to porous aromatic frameworks
(PAFs), polymers of intrinsic microporosity (PIMs), porous
polymer networks (PPNs), conjugated microporous polymers
(CMPs), benzimidazole-linked polymers, hyper crosslinked poly-
mers (HCPs), and imine-linked networks.*>**

CMPs particularly represent a pivotal class of COPs combin-
ing highly extended electron conjugation with a permanent
porosity affording great stability, good energy absorption, and
charge transfer.**™*® Since their first discovery, a lot of building
monomers have been developed, offering numerous CMPs
with tuned properties, which have been utilized in the appli-
cations of photocatalysis, energy storage, gas and dye adsorp-
tion/separation, and beyond.*®">> Furthermore, nitrogen-rich
CMPs have intrinsic photoelectric properties that attract more
attention from researchers.>® The presence of nitrogen hetero-
atoms enhances conductivity, increases wettability, and
endows the CMP-electrode with pseudo-capacitance, leading to
higher electrochemical performance.””*®

Moreover, many porous carbon materials have been devel-
oped because of their large surface areas, excellent chemical,
thermal, and mechanical stabilities, and great electrical
conductivity.”>®' These interesting properties enable them to
be applied in various applications, for example, gas capture
and separation, catalysis, energy storage, water purification,
electromagnetic shielding, and fuel cells.®>* Porous carbon-
aceous materials can be prepared by chemical activation of the
precursors of polymers, CMPs, MOFs, HCPs, and PAFs.%*%*
Tetraphenylcyclopentadienone and its analogs have been
proven to have outstanding tuned electronic properties as
reported previously.°*®” Also, they have been used as inter-
mediates for the preparation of polyphenylene dendrimers
and gelators that absorb and emit within the UV-visible
range.®®”7° Therefore, in this context we have prepared porous
carbon materials through calcination and KOH activation at
700 °C of novel CP-TCT and CPM-TCT CMPs, which were syn-
thesized via the Friedel-Crafts coupling of tetraphenylcyclo-
pentadienone (CP) and tetraphenylcyclopentadienylidene
malononitrile (CPM) with cyanuric chloride (Scheme 1).

Results and discussion

The insertion of building blocks in integration with the tri-
azine moiety in the development of CMPs will highly produce
nitrogen-rich polymers attached to many electron sites, which
is conducive to the electrons’ conductivity and charge transfer
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Scheme 1 Synthesis of tetraphenylcyclopentadiene-based CMPs and
their thermal transformation.

throughout the CMP skeleton. Consequently, we selected trichlor-
otriazine (TCT) to carry out nucleophilic substitution reactions
with 2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-one (CP) and 2-
(2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ylidene) =~ malononitrile
(CPM) to obtain triazine-based CP-TCT and CPM-TCT CMPs,
respectively (Scheme 1). Precursors CP and CPM were synthesized
in good yields following literature procedures’®”" as presented in
the synthetic routes in Schemes S1 and S2 and Fig. S1-Sé6t.
Nuclear magnetic resonance (NMR) and Fourier transform infra-
red (FTIR) spectroscopy were used to elucidate the successful
preparation of CP and CPM monomers [see the Experimental
section in the ESIf].

The CMPs containing the triazine moiety were constructed
using the metal-free Friedel-Crafts simple polymerization reac-
tion of TCT with both CP and CPM, in o-dichlorobenzene at
140 °C, using a methane-sulfonic acid catalyst, as illustrated
in Schemes 1, S3, and S4t. The reaction yields of the prepared
polymers CP-TCT and CPM-TCT CMPs were 67.3% and 53.5%,
respectively. The separated 2D polymers were sparingly soluble
in all the solvents used, including H,O, MeOH, EtOH, DMF,
DMSO, DCM, THF, CHCl;, and acetone, confirming the pos-
session of both high crosslinking and polymerization degrees.
These findings imply higher porosity and BET surface areas.
Chemical characterization of the produced electroactive poly-
mers was performed using both FTIR and solid-state *C NMR
techniques. Examination by FTIR indicated the disappearance
of the absorption band located at 746 cm™" characteristic of
the C-Cl stretching vibration of TCT. Three absorption bands
were observed for the C=N, C=0, and C-H aromatic stretch-
ing vibrations of CP-TCT CMP, which were located at around
1593, 1718, and 3053 cm™", respectively. Moreover, CPM-TCT
CMP exhibited characteristic peaks at 1590, 2254, and
3095 ecm™', which were assigned to C=N, CN, and C-H aro-
matic functional groups (Fig. 1A, S7, and S8f). The perfect
polymerization reaction of monomers leading to polymers was
confirmed using solid-state *C NMR, which demonstrated the
existence of broad signals for aromatic carbons in the range of
120-144 and 113-147 ppm, corresponding to CP-TCT and
CPM-TCT CMPs, respectively. Other signals were observed in
the range of 164-185 ppm, which were mainly associated to
the C=0 and C=N carbons of CP-TCT CMP, and signals in
the range of 165-188 ppm were attributed to the C=C and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) FTIR spectroscopy of the constructed (a) CP-TCT, and (b)
CPM-TCT CMPs. (B) Solid state *C NMR spectra of CP-TCT and
CPM-TCT CMPs.

C=N carbon atoms of CPM-TCT CMP (Fig. 1B). The as-syn-
thesized polymer materials possessed a considerable degree of
rigidity and stiffness, which was confirmed by their low solubi-
lity in most organic solvents as well as their high thermal
stability.

Thermogravimetric analysis (TGA) was applied to define the
thermal behaviors of the CMPs in the temperature range of
40-800 °C under a nitrogen atmosphere at a heating rate of
20 °C min~". The obtained TGA curves depicted in Fig. S9f
revealed that all the polymers before and after calcination had
considerable thermal stabilities, in which CP-TCT, CPM-TCT,
CP-TCT-700, and CPM-TCT-700 showed 10% weight loss (T410)
at 312, 517, 598, and 471 °C, respectively. To complete this
study, the char yields were monitored and found to be 62% for
CP-TCT and 77% for both CPM-TCT and CPM-TCT-700,
whereas CP-TCT-700 was confirmed to have the maximum
value of char yield up to 83% (Table S17).

The elemental analysis of the microporous carbon materials
was performed using X-ray photoelectron spectroscopy (XPS).

This journal is © The Royal Society of Chemistry 2023
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As shown in Fig. 2 and S10f, CP-TCT-700 shows three XPS
peaks, the C 1s peak at 283.47, the N 1s peak at 376.58, and
the O 1s peak at 530.26 eV, whereas CPM-TCT-700 shows the C
1s peak, the N 1s peak, and the O 1s peak at 283.65, 377.31
and 531.44 eV, respectively. To examine the nature of C atoms
in CP-TCT-700 and CPM-TCT-700, fitting of the C 1s signal
revealed that three signals at 282.59, 283.39 and 285.49 eV are
observed for CP-TCT-700 and three signals at 283.08, 284.02
and 285.28 eV are observed for CPM-TCT-700, attributed to
C=C, C=N, and C=0, respectively (Fig. 2a and d). Also, we
fitted the N 1s peak for CP-TCT-700 that resulted in four
different peaks centered at 374.98, 378, 380.18, and 381.78 eV
characteristic of N-pyridine, N-pyrrole, N-quaternary, and
N-oxidized, respectively, whereas, for CPM-TCT-700, the corres-
ponding values were 375, 377.93, 379.84 and 381.58 eV,
respectively (Fig. 2b and e). In addition, three values were
obtained from the fitted peaks for O 1s, which are attributed
to C=O0 quinone, C-O ether, and C=O carboxylic with the
corresponding values located at 530, 531.73 and 532.96 eV,
respectively, for CP-TCT-700, and 530, 532.98 and 534.12 eV,
respectively, for CPM-TCT-700 (Fig. 2¢ and f). All of the above
elemental analysis data are in accordance with the suggested
structure for the produced microporous carbons.

Besides the X-ray diffraction (XRD) profile, Raman spec-
troscopy was applied to further examine the composition
characteristics of the obtained microporous carbons. The XRD
patterns show two broad diffraction peaks centered at 26 of
13° and 28° attributed to the graphitic stacking of the (002)
and (100) planes, respectively.”” In addition, there is a faint
diffraction peak at 43° which is analogous to the reflection of
the (101) plane indicating the presence of the graphitized
structure.”® These results emphasize the successful transform-
ation of precursors to the corresponding microporous carbons.
As a result, CP-TCT-700 and CPM-TCT-700 have disordered
amorphous carbon structures providing great porosity and
excellent ability for energy storage (Fig. S11at).”*

The Raman spectrum of CP-TCT-700 expressed two distinct
bands: the D band at 1335 cm™" corresponds to structural
defects and the G band at 1577 ecm ™" corresponds to ordered
stacking, whereas the D and G bands for CPM-TCT-700
appeared at 1332 and 1567 cm ™", respectively.”>”® We observed
that the G-band position for CP-TCT-700 was closer to that of
graphene (1581 cm™'), indicating a better graphenoid structure
in CP-TCT-700 compared to that in CPM-TCT-700. The inten-
sity ratio of the D band to the G band (Ip/Ig) demonstrates the
degree of carbon graphitization.”” The integral Ip/l; ratios
were calculated to be 1.2 and 1.3 for CP-TCT-700 and
CPM-TCT-700, respectively, indicating that CP-TCT-700 had a
highly graphitized degree with more regular carbon materials
than CPM-TCT-700 (Fig. S11bt).”®

The microporosity and surface area characterization of the
triazine-based polymers were examined by the application of
N, sorption isotherms at a specific temperature (77 K). The
carbonaceous materials obtained from the calcination of the
polymers (CP-TCT-700 and CPM-TCT-700) follow the typical
type-I N, sorption behavior that confirms the microporous

Polym. Chem., 2023, 14, 4079-4088 | 4081
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Fig. 2 XPS spectra of (a) C 1s peak, (b) N 1s peak, and (c) O 1s peak of CP-TCT-700; (d) C 1s peak, (e) N 1s peak, and (f) O 1s peak of CPM-TCT-700.

characteristics (Fig. 3a and b). At a lower relative pressure (P/
Py), a decline in nitrogen adsorption was observed. The hier-
archical network structures as well as the highest microporos-
ity degree were confirmed by the resulting hysteresis loop
which appeared in the figures. In addition, a remarkable rise
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Fig. 3 N, adsorption—desorption isotherms of (a) CP-TCT-700 and (b)
CPM-TCT-700; the pore size distribution curves of (c) CP-TCT-700 and
(d) CPM-TCT-700.
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in nitrogen adsorption was observed by increasing the relative
pressure to a value of 0.95. The Brunauer-Emmett-Teller (BET)
surface area of CP-TCT-700 was 132 m” g™, while CPM-TCT-700
showed the highest BET value up to 200 m* g~ ". The pore size
distributions of the carbon materials under study were assessed
using nonlocal density functional theory, which were found to
be centered at 1.40 and 1.11 nm for CP-TCT-700 and
CPM-TCT-700, respectively. Also, the pore volumes were calcu-
lated to be 0.12 and 0.22 cm® g~* corresponding to CP-TCT-700
and CPM-TCT-700, respectively. Thus, the surface of our carbon
materials featured interfacial micropores (Fig. 3c and d). In
comparison, the N, sorption isotherms and the pore size distri-
bution curves of our CMPs before calcination are shown in
Fig. S12.f CP-TCT CMP follow type-II N, sorption behavior,
while CPM-TCT CMP follow type-I behavior. The BET specific
surface areas for CP-TCT and CPM-TCT CMPs were 22 and
65 m> g, respectively, which may be small to obtain high GCD
specific capacitance. The pore sizes of CP-TCT and CPM-TCT
polymers were also calculated to be 1.52 and 1.12 nm demon-
strating microporous structures. In addition, the corresponding
pore volumes of CP-TCT and CPM-TCT CMPs were 0.13 and
0.25 cm® g7, which were very close to those values after the car-
bonization process.

The morphology of the polymers and their corresponding
calcined carbons was examined using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). In Fig. S13a-df, the SEM images of CP-TCT and

This journal is © The Royal Society of Chemistry 2023
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CPM-TCT show particle accumulation with rod-like structures.
Furthermore, both CP-TCT-700 and CPM-TCT-700 exhibit a
sponge-like morphology with micro-scaled cavities. Particle
accumulation is small and uniform, resulting in larger pores
that can be used for the diffusion of electrolyte ions into the
polymeric electrode material. A comparison of SEM images of
polymers after calcination revealed that the porosity and pore
structure of CP-TCT-700 are much higher than those of
CPM-TCT-700, which is more consistent with its greater
electrochemical performance. In addition, a porous structural
morphology with randomly connected pores has been shown
for both CP-TCT-700 and CPM-TCT-700 samples after the calci-
nation process. These observations indicate the crucial role of
potassium hydroxide (KOH) in generating a lot of structural
cavities after calcination and activation processes according to
the following eqn (1):”°

6KOH + 2C — 2K + 3H; + 2K,CO3 (1)

The external morphology of the CMPs was examined by
TEM. All the polymers and the corresponding carbon materials

—
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also showed the presence of aggregated multi-shaped particles
with visible micropores (Fig. S13e-ht).

The electrochemical characteristics of the two novel CMPs
and their corresponding microporous carbons have been
examined in a three-electrode system through cyclic voltamme-
try (CV) and galvanostatic charge-discharge (GCD) analysis
using an aqueous basic electrolyte (1 M KOH). The resulting
CV figures of the CP-TCT and CPM-TCT polymeric materials
were compared with those of CP-TCT-700 and CPM-TCT-700
carbonaceous materials over a potential range from —1.0 to 0.0
V versus the Hg/HgO reference electrode using different sweep
rate voltages ranging from 5 to 200 mV s~ (Fig. 4a, b and 5a,
b). The examined samples exhibited rectangular-shaped CV
curves featuring small humps, and these curves almost
remained constant without any deformation by increasing the
scan rate, establishing their stability, and confirming the be-
havior of electric double-layer capacitance (EDLC). The pres-
ence of such humps in the CV curves is also considered an
indication of pseudocapacitance that originates from the nitro-
gen content and electron-rich benzene rings, causing revers-
ible redox reactions during charge and discharge.®*® Owing to
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Fig. 5 CV curves of (a) CPM-TCT CMP and (b) CPM-TCT-700. The corresponding GCD profiles of (c) CPM-TCT and (d) CPM-TCT-700, monitored
at different current densities. (e) GCD capacitances of CPM-TCT and CPM-TCT-700, monitored at different current densities. (f) Retention stability

of the CPM-TCT and CPM-TCT-700 materials over 5000 GCD cycles.

considerable surface areas and an abundance of phenyl elec-
trons, the synthesized CMPs and their corresponding micro-
porous carbons showed high CV curve coherence over a range
of scan rates. The co-doped carbon material with heteroatoms
can promote not only the morphology, but also hydrophilicity,
stability, specific capacitance, and electrochemical efficiency
because of different surface functionalities.®' So, the presence
of oxygen and nitrogen heteroatoms as well as distinctive mor-
phologies were the major factors for their considerable pseu-
docapacitance, and the higher electron mobility enhanced the
contact with the electrolyte, which translated into higher
electrochemical performance. Moreover, there is an obvious
increase in the current density upon increasing the sweep rate
potential from 5 to 200 mV s~ without any distortion of the
rectangular shapes of the CV curves, referring to facile kinetics
and great rate capability.®” The GCD analysis of the studied
polymers and carbon materials was performed at various
current densities (1.0-20 A g™') as presented in Fig. 4c, d and
5¢, d. The GCD curves appeared as triangular shapes
accompanied by a trivial curvature, which further proves both
pseudocapacitance and EDLC types for energy storage, pre-

4084 | Polym. Chem., 2023, 14, 4079-4088

sumably because of the presence of heteroatoms.®* The car-
bonaceous materials were shown to have longer discharge
periods compared to those of the corresponding triazine-
based CMPs, demonstrating that there is an improvement in
the specific capacitance after carbonization and KOH acti-
vation. This provides clear evidence that the calcination and
activation of polymers improve electrochemical -efficiency
without affecting the main EDLC of the carbon structure.*
Theoretically, the considerable surface area of triazine-based
polymers (CTFs) makes them good candidates for improving
the performance of SC electrodes. However, a lot of reported
CTFs demonstrate weak electrical conductivity, which restricts
their successful application. An additional amount of conduc-
tive materials can be added, but it inevitably decreases the
surface area. Alternatively, the conductivity problems can be
solved by the conversion of CTFs to the corresponding carbon
materials, which can highly boost their electrical conductivity,
while preserving the basic CTF structure, producing relatively
high capacitances for the applications of SCs.** Additionally,
in EDLCs, the accessible surface area of the electrode to KOH
ions had a significant role in the supercapacitive efficiency.

This journal is © The Royal Society of Chemistry 2023
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Consequently, porous carbons are generally used as electrode
materials owing to their high specific surface area, good
thermo-chemical stability, and excellent electrical conduc-
tivity.®® In summary, an ideal polymer material for use as an
electrode should have the merits of a great specific surface
area, high conductivity, rapid ion mobility, and great hydro-
philic wettability, and hence we have used carbonaceous
materials as electrodes for SCs instead of their polymers.

The specific capacitances of our polymeric electrode
materials as well as the produced microporous carbons have
been calculated from their GCD triangular shapes. At 1.0 A g™*
current density, the calculated specific capacitances of the
CP-TCT, CP-TCT-700, CPM-TCT, and CPM-TCT-700 materials
were 21, 83, 21, and 70 F g, respectively (Fig. 4e and 5e). The
higher  capacitance of CP-TCT-700 compared to
CPM-TCT-700 may be attributed to the existence of oxygen
atoms and the high degree of planarity of the cyclopentadie-
none monomer which enhances charge transportation
throughout its skeleton. The better specific capacitance of
CP-TCT-700 compared to CPM-TCT-700 for all used current
densities (1.0 to 20 A g7') was also assigned to its extremely
porous network structure, good specific surface area, accessi-
ble morphology, and the presence of an appropriate doping
amount of nitrogen and oxygen atoms. Consequently, the pres-
ence of heteroatoms in the main polymer, along with calcina-
tion and KOH activation at higher temperatures, were the
major parameters that promoted the electrochemical behavior
of conjugated polymers. The cycling stabilities of our materials
have been investigated over 5000 cycles at 10 A g~* (Fig. 4f and
5f). The capacity retentions of the raw polymers CP-TCT CMP
(97%) and CPM-TCT CMP (98%) were higher than those of the
corresponding  carbonaceous CP-TCT-700 (88%) and
CPM-TCT-700 (87.5%). Even at higher current densities, the
CMPs are still stable over extended cycling. Moreover, Ragone
plots, which indicate a relationship between the energy
density and power density, are considered valuable indexes for
determining the performance of SCs. The energy density of
CP-TCT-700 and CPM-TCT-700 had values of 26 and 25 W h
kg™, respectively, (working at a power density value of 250 W
kg™") which were greater than those of CP-TCT CMP (6 W h
kg™") and CPM-TCT CMP (7 W h kg '), summarizing that the
high surface area and great conductivity of the calcined pro-
ducts were accountable for their better energy and power
density values (Fig. S14atf). Comparing the obtained electro-
chemical values with those of the reported stable electrode
materials proved that our prepared microporous carbons were
among the best stable candidates for SCs (Table S27).
Electrochemical impedance spectroscopy (EIS) was also uti-
lized by measuring the Nyquist plots for all the synthesized
polymers and porous carbons to investigate the transportation
behavior of the ions as well as their interior resistance after
calcination and KOH activation. At lower frequencies, all the
obtained curves exhibited an almost vertical shape with rapid
charge mobility, and the carbon materials exhibited a reduced
diffusion resistance for ions. As observed, the obtained carbon
materials possessed comparable subtle arcs at higher fre-
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quency values, suggesting resistive charge transfer (RCT) and
mass transfer as well. The points where the semi-circles inter-
sect the x-axis can be explained in terms of equivalent series
resistance (ESR). ESR indicates both the contact resistance
between the electrochemically active material and the current
compiler, as well as the interior resistance of the electrode
material and the electrolyte.®" Clearly, the polymers after acti-
vation had better performance than the primary CMPs,
whereby they presented the smallest length of diffusion, the
lowest ESR values, and closer proximity to the y-axis in com-
parison with the rest. The analysis of these observations
demonstrates that owing to doping carbons with nitrogen and
oxygen atoms, CP-TCT-700 and CPM-TCT-700 exhibited a
strong interaction between the electrode and either the electro-
Iyte or the charge collector, quick charge diffusion and excel-
lent conductivity.®> In addition, the reasonable BET surface
areas of our carbons involve a huge area of contact between
the electrode material and KOH ions which suggests extra
active sites for storing energy. The produced microporous
carbons with lower ESR values are in full accordance with their
high BET surface area, and their high specific capacitance is
comparable to the starting triazine-based polymers.
Furthermore, the wettability was improved owing to the exist-
ence of nitrogen and oxygen heteroatoms at the electrode
surface.’” Thus, the produced nitrogen and oxygen-rich micro-
porous carbons are considered auspicious electrodes for SCs
with higher electrochemical performance (Fig. S14b¥). During
electrochemical impedance spectroscopy (EIS) measurements,
ohmic resistance refers to the resistance encountered by the
electrical current as it flows through the bulk electrolyte and
the interface between the electrode and the electrolyte. This re-
sistance arises from multiple components, including the resis-
tance of the electrolyte itself, the resistance at the electrode-
electrolyte interface, and any other resistances present in the
system. The initial series resistance values obtained from the
EIS data, as shown in Fig. S14bt for CP-TCT, CPM-TCT,
CP-TCT-700, and CPM-TCT-700, are found to be 3.184, 5.502,
2.568, and 1.584 Ohms respectively. These data represent the
cumulative effect of all these resistances. In comparison,
CP-TCT had lower ohmic resistance than CPM-TCT, and both
CP-TCT-700 and CPM-TCT-700 after calcination and KOH acti-
vation demonstrated the lowest ohmic resistance at all, indicat-
ing superior electrical conductivity and potential for optimal
supercapacitor performance making them promising candi-
dates. These findings offer valuable insights for selecting suit-
able electrode materials with desirable electrical properties for
SC applications.

The frequency-dependent-resistance magnitude Bode plots
are presented in Fig. S15af in which the profiles of our poly-
mers and their corresponding microporous carbons featured
diagonal negative sloped lines at smaller frequencies and
lower magnitudes of resistance at higher frequencies, confirm-
ing their good electrochemical capacitance. Besides that,
Fig. S15bf¥ illustrates the Bode curves of the frequency-depen-
dent phase angle for all the materials under study. We deter-
mined the knee frequencies from the obtained curves at 45°

Polym. Chem., 2023, 14, 4079-4088 | 4085


https://doi.org/10.1039/d3py00671a

Published on 09 August 2023. Downloaded by National Sun Y at Sen University on 6/1/2026 4:23:45 AM.

Paper

phase angle (at which both the capacity and resistance of the
electrodes are identical). As shown in the insets of Fig. S15b¥,
the calculated knee frequencies of CP-TCT-700 and
CPM-TCT-700 were 146.5 and 122.1 Hz, respectively. According
to the literature, it is stated that the rate performance is
directly proportional to the knee frequency value. In other
words, “the higher the knee frequency value, the greater the
rate performance”.®® So, CP-TCT-700 exhibited remarkable
efficiency for application as an electrode material for storing
energy.

Conclusions

To summarize, a facile synthetic methodology was applied to
afford tetraphenylcyclopentadiene-based CMPs and their car-
bonization analogs at higher temperatures. According to the
BET, TGA, and SEM investigations, CP-TCT-700 represented a
good specific surface area of up to 132 m?> g™, excellent
thermal stability (598 °C T410, 83% char yield), and a micro-
porous carbonaceous structure. In addition, the CP-TCT-700
porous carbon material exhibited high electrical conductivity,
redox efficiency, and physicochemical durability. Therefore, its
electrode showed a maximum capacitance of 83 F g~' at 1.0 A
g~ ! current density with retention stability of up to 88% of the
initial capacitance even after 5000 cycles at 10 A g~ current
density. These measurements confirm that calcination and
KOH activation of organic polymers is a useful strategy for
achieving efficient SCs and provide insights for designing poly-
meric materials as electrodes for storing energy.
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