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Introduction

Engineering carbonyl-rich conjugated
microporous polymers with a pyrene-4,5,9,10-
tetraone building block as highly efficient

and stable electrodes for energy storagef

Ahmed F. Saber, 2@ Ya-Fan Chen,® Levannie Mabuti,® Swetha V. Chaganti,
Santosh U. Sharma,® Johann Luder,” Jyh-Tsung Lee,® Shiao-Wei Kuo 2 and
Ahmed F. M. EL-Mahdy*"“

As a solution to the environmental and energy crises, more safe and efficient energy storage tech-
nologies are extremely necessary. Conjugated microporous polymers (CMPs) bearing redox-active
functional groups as well as nitrogen-rich moieties have received a lot of interest in energy conversion
and storage applications. Herein, two novel redox-active pyrene-4,5,9,10-tetraone-based CMPs, BC-PT
and TPA-PT, were successfully fabricated via Suzuki coupling of 2,7-dibromopyrene-4,5,9,10-tetraone
(PT-2Br) with 3,3',6,6'-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9’-bicarbazole (BC-4BO)
and NLNYLNY N4-tetrakis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)benzene-1,4-diamine
(TPA-4BO), respectively. Their chemical composition, porosity parameters, morphological structures,
and thermal behavior were investigated. In three-electrode supercapacitors, the electrochemical
behavior showed that BC-PT CMP exhibited the top specific capacitance of 373 F g™t in aqueous KOH
(1.0 M) at a current density of 1.0 A g~% It also possessed a great cyclability maintaining 94.37% of
primary capacitance at 10 A g~ current density even after 5000 GCD cycles. A two-electrode
supercapacitor with the BC-PT CMP displayed a superb electrochemical capacitance of 107 F g*l at
1.2 A g7 a greater retention of 97.69% over 5000 GCD cycles at 10 A g%, and a better energy density
of 14.86 W h kg™. The excellent efficiency of BC-PT CMP compared to that of TPA-PT CMP can be
explained in terms of high specific surface area (478 m? g~3), large pore volume (0.44 cm® g™3), great
planarity, and better conductivity. Accordingly, BC-PT CMP is a prospective candidate for storing energy.
Besides the novelty of our synthesized polymers, they exhibited outstanding electrochemical
characteristics, both in three-electrode and two-electrode systems, which were comparable to those of
many other polymers.

to a large extent; therefore, the discovery of permanent systems
for storing energy has become highly necessary. As a result, fuel

The big need and endeavor for renewable energy sources,
such as solar energy, biomass energy, and geothermal energy
have increased considerably. Owing to factors such as time,
geographic nature, and seasons, renewable energy sources vary
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cells, batteries, traditional capacitors, and supercapacitors are
being constructed to provide dynamic alternatives for both
storing and transferring electrical energy.’® One of the more
efficient devices among various energy storage systems is
supercapacitors (SCs), which are considered important alter-
natives for storing energy because of their outstanding charac-
teristics (i.e., safety, cheapness, long lifetime, fast charge/
discharge time, lower resistance, and higher power density)
in comparison to other individual and hybrid techniques.” ™
The important criteria for selecting an electrode to be applied
as an efficient material for SCs is their ability to store electrical
charges through one of the two major mechanisms (electrical
double-layer capacitance (EDLC) and pseudocapacitance).
Polymer-based SCs are pivotal materials in building of many
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energy storage devices with higher power energy.'* Accordingly,
porous organic polymers (POPs) with the merits of porous
structure, extended conjugation, and nitrogen-rich network are
most preferred for application as promising SC electrodes.'®

POPs consist of many sub-divided categories, including
conjugated microporous polymers (CMPs), covalent organic
frameworks (COFs), and hypercrosslinked polymers (HCPs),
that have been constructed via different synthetic mechanisms
with tunable properties for a wide spectrum of applications.'* ¢
Among them, CMPs have aroused great attention due to their
conjugated skeleton, permanent porosity, and outstanding
semiconductor characteristics.'”'® They are prepared through
various conventional polymerization approaches, such as
Sonogashira,">' Suzuki,**** Yamamoto,>* " Schiff-base,?®*°
oxidative,>® and phenazine ring-fusion® > reactions. The combi-
nation of CMPs with other materials such as nanoarchitectures,
organic frameworks, and porous and colloidal materials can yield
smart substances for energy storage applications.**® Further-
more, CMPs can be applied in gas uptake,’” light harvesting,*®
sensing,*® dye adsorption,° catalysis,*' and supercapacitors.**

Pyrene-4,5,9,10-tetraone (PT) as a redox-active unit was first
synthesized by the Harris group via a one-step chemical reac-
tion of pyrene, ruthenium chloride catalyst, and sodium period-
ate as an oxidant material.*> PT with cyclic 1,2-diketones
structure, which holds four active carbonyl groups is electrically
more efficient than the corresponding acyclic 1,2-diketone as
organic electrode materials.** These carbonyl functional groups
in PT integrate the stability of the polymers after discharging
owing to the adjacency in configuration, connection to aromatics,
and high conjugation upon reduction.*> Many POP materials with
PT linkage have been designed and prepared for both lithium and
sodium batteries and secondary batteries.***”

It is an effective strategy to incorporate the PT unit along
with bicarbazole (BC) or triphenylamine (TPA) nitrogen-rich
units into an extended conjugation system to improve the
conductivity and obtain highly efficient polymeric electrodes
for SCs. The resulting polymer will have donor-acceptor (D-A)
characteristics since PT has electron-deficient properties,
whereas BC and TPA are electron donors. The D-A type poly-
mers exhibit low band gaps, which endow the polymers with
higher conductivity and lower electrode potential making them
very suitable as electrode materials.

In this study, we constructed two D-A type CMPs on the
strength of PT containing abundant carbonyl groups, linked
together with either BC or TPA monomers through C-C bond
linkage using one-step polycondensation Suzuki coupling and
employing them for SCs application (Scheme 1). The chemical
composition, thermal degradation temperatures, porosity para-
meters, and morphological structure of the obtained redox-
active CMPs were investigated through various methods includ-
ing Fourier transform infrared (FTIR), thermal gravimetric
analysis (TGA), X-ray photoelectron spectroscopy (XPS), nuclear
magnetic resonance (NMR), Brunauer-Emmett-Teller (BET),
X-ray diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). Owing to the presence
of a redox-active unit (PT) in our synthesized polymers, cyclic
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Scheme 1 Synthesis of (a) BC-PT CMP and (b) TPA-PT CMP.

voltammetry (CV) and galvanostatic charge-discharge (GCD)
techniques have been applied and the obtained data showed
that both BC-PT and TPA-PT CMPs had excellent specific
capacitance with great stability compared to other polymeric
electrode materials.

Results and discussion

In the presented research, we synthesized two novel D-A
conjugated polymers namely: BC-PT and TPA-PT CMPs containing
the pyrene-4,5,9,10-tetraone (PT) unit with many redox-active
carbonyls via a simple and efficient Suzuki polymerization
reaction. The BC-PT and TPA-PT polymers were constructed
as dark-colored powders via the chemical condensation of
the PT-2Br major monomer with BC-4BO and TPA-4BO,
respectively, in the H,O/DMF co-solvent, in the presence of
Pd(PPh;), catalyst at 145 °C for 72 h (Scheme 1). The applied
PT-2Br, BC-4BO, and TPA-4BO monomers were synthesized
according to the literature*®*® (Schemes S1-$3, ESI?).

FTIR and solid-state 3C cross-polarization magic angle
spinning nuclear magnetic resonance (**C CP/MAS NMR) spec-
troscopic techniques were utilized to assess the as-synthesized
polymeric structures. As outlined in (Fig. 1a and Fig. S1 and S2,
ESIt), the full disappearance of B-O and C-H vibrational
frequencies in the FTIR spectrum of PT-based CMPs compared
with the spectra of its precursors BC-4BO (1350, 2977 and 2930
cm ') and TPA-4BO (1358, 2973 and 2930 cm ™ '), as well as the
vanishing of the C-Br absorption band located at 723 cm™ " for
PT-2Br demonstrated a successful C-C coupling of monomers
leading to polymers. Also, the FTIR spectrum of BC-PT CMP
exhibited the characteristic peaks of the C=C, C=0, and C-H
aromatic stretching bonds at 1604, 1678, and 3058 cm !,
respectively, whereas those for TPA-PT CMP were centered at
1594, 1678, and 3031 cm™ ', respectively, which were slightly
shifted in comparison to the starting monomers confirming the
complete formation of the polymeric materials.

In addition, the chemical composition of the prepared CMPs
was supported by the solid-state '*C CP/MAS NMR spectra,
in which characteristic peaks at 192.24 and 190.90 ppm were
observed for BC-PT and TPA-PT CMPs, respectively, which were
attributed to C=0 bonds. Moreover, broad peaks located in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FTIR, and (b) solid-state *C CP/MAS NMR spectra of BC-PT, and TPA-PT CMPs.

range 114.84-149.04 ppm for BC-PT CMP, and in the range
118.33-146.68 ppm for TPA-PT CMP were assigned to the aro-
matic carbons. The missing signals in the range of 20-90 ppm
suggest that the B-O and C-Br bonds of the starting precursors
have been consumed (Fig. 1b).

Thermal stabilities of the PT-linked CMPs were determined
using TGA in a nitrogen stream at 20 °C min . According to
(Fig. S3, ESIY), there is a clear decline in the thermal curves for
both of them owing to the weight loss at higher temperatures.
TGA analysis provided that the temperature of 10% weight loss
(Ta10) and char yield values for BC-PT CMP were 443 °C

(a) (b)

and 73%, respectively, whereas the values were measured to
be 424 °C and 74% for TPA-PT CMP, respectively. From the data
obtained, one can conclude that our porous polymers had
considerable thermal stability (Table S1, ESIT). It was observed
that the obtained polymers had very poor solubility in almost
all organic solvents (MeOH, EtOH, DMF, NMP, THF, and
acetone) indicating significant cross-linking frameworks due
to high polymerization degree (Fig. S4, ESIT).

Fig. 2a and e show the XPS results conducted on the
synthesized polymers, which consisted of C, N and O elements.
The BC-PT polymer possessed three XPS signals characteristic
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Fig. 2 XPS results of (a) BC-PT and (e) TPA-PT polymers. Peak fitting of (b) C 1s peak, (c) N 1s peak, and (d) O 1s peak of BC-PT; (f) C 1s peak, (g) N 1s peak,

and (h) O 1s peak of TPA-PT CMPs.
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for C 1s, N 1s and O 1s at 285.91, 401.55 and 533.42 eV,
respectively, while the corresponding XPS signals for the TPA-
PT CMP were 285.09, 400.73 and 534.15 eV, respectively. Fitting
of the C 1s signal for BC-PT CMP produced three peaks at
285.74, 285.94 and 286.81 eV, which were attributed to C—C,
C-N and C=O functional groups, respectively, while those
corresponding to C 1s fitting peaks for TPA-PT polymer were
basically located at 285.58, 285.85 and 286.66 €V, respectively
(Fig. 2b and f). In addition, N 1s peak fitting for BC-PT and TPA-
PT CMPs revealed only one peak for both of them at 401.07
and 400.77 eV, respectively, which were characteristic of C-N
functionality (Fig. 2c and g). Moreover, O 1s signal fitting
analysis resulted in peaks at 534.28 and 534 eV, which were
assigned to the C=O functional group in BC-PT and TPA-PT
CMPs, respectively (Fig. 2d and h).

XRD analysis of BC-PT and TPA-PT polymers demonstrated
no observed diffraction peaks, which emphasized the amor-
phous nature of the prepared polymers (Fig. S5, ESIf), as
reported for other CMPs.>%*!

Fig. 3 represents the morphological structures of the PT-
based CMPs obtained using SEM and TEM microscopic tech-
niques. As shown in the SEM images (Fig. 3a and e), the BC-PT
CMP displayed the presence of aggregated irregular tiny particles
that were randomly distributed throughout its skeleton, whereas
TPA-PT CMP possessed a condensed sponge-like morphology.
In addition, the elemental mapping extracted from the energy-
dispersive X-ray spectroscopy (EDS) identified the coexistence of
carbon, nitrogen, and oxygen atoms, which were symmetrically
spread on the surface of BC-PT and TPA-PT CMPs (Fig. 3b-d and
f-h, respectively). TEM images featured disordered structures

View Article Online
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(Fig. 3i and k), while the corresponding images of the low-
magnification HR-TEM demonstrated that the two polymers
consisted of porous network structures (Fig. 3j and 1). Upon
preparation, and multiple purifications of our polymers, the
amount of Pd residue was quantified using various methods
including SEM-EDS mapping and TEM-EDX. All results con-
firmed that the Pd concentration in the BC-PT polymer was
slightly higher than that of the TPA-PT polymer. The SEM-EDS
elemental mapping revealed the existence of C, N, O and Pd
atoms, which were homogeneously distributed over the poly-
mers’ surface with Pd contents of 1.14% and 0.84% for BC-PT
and TPA-PT polymers, respectively (Fig. S6 and S7, ESIT).
In addition, TEM-EDX analysis indicated that the BC-PT and
TPA-PT CMPs possessed a residual Pd of 1.39% and 1.10%,
respectively (Fig. S8, ESIt). Moreover, the Pd concentration was
determined using ICP-OES to be 3.016 ppm for BC-PT CMP and
2.158 ppm for TPA-PT CMP (Table S2, ESI¥).

To emphasize the porous structure of the as-synthesized
polymers, low-temperature nitrogen adsorption-desorption
isotherms were obtained (Fig. 4 and Table 1). Based on the
TIUPAC classification, the obtained isothermal curves of BC-PT
and TPA-PT CMPs follow the type II profile. In addition, there is
a minimum N, gas adsorption at lower relative pressure (P/P, <
0.1) but a sharp increase of gas adsorption at P/P, values greater
than 0.9 (Fig. 4a). A typical BET model was applied to determine
the surface areas and the total pore volumes of our CMPs,
which were shown to be 478 m” g~ ' and 0.44 cm® g~ ', for the
BC-PT CMP and 232 m”> ¢~ ' and 1.07 cm® g~ for the TPA-PT
CMP, respectively. By the application of the nonlocal density
functional theory (NLDFT), the BC-PT and TPA-PT polymers

Fig. 3 SEM images of (a) BC-PT, and (e) TPA-PT CMPs. EDS elemental mapping photos (b—d) for BC-PT, and (f-h) for TPA-PT CMPs. TEM images of (i)
and (j) for BC-PT, and (k) and (1) for TPA-PT CMPs.
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Fig. 4 (a) N, adsorption—desorption isotherms; (b) the corresponding
pore size distribution curves of the BC-PT and TPA-PT CMPs.

Table 1 BET variables of the PT-linked polymers

CMPs Sger (m? g')  Pore size (nm) Pore volume (cm? g~ ")
BC-PT CMP 478 0.44 0.37
TPA-PT CMP 232 1.07 0.13

showed pore diameters of 0.44, and 1.96 nm, respectively
(Fig. 4b).

Recently, numerous CMPs have been applied as efficient
electrodes for energy storage devices'>'? because of their out-
standing advantages (for example, large surface areas, redox-
active building blocks, and high physical and chemical stabi-
lities). In this work, the electrochemical efficiency of the BC-PT
and TPA-PT conjugated polymers was evaluated using CV and
GCD profiles within a definite potential range (—1.0 to 0.0 V)
and using the aqueous KOH electrolyte (1.0 M). The CV curves
of our polymers were measured at specified scan rate potentials
starting with 5 mV s to the value of 200 mV s, which
possessed semi-rectangular shapes owing to the combined
effect of EDLC and pseudocapacitance. At higher scan rates,
the CV curves maintained their original shapes confirming the
excellent stability and rate capability of the as-synthesized
CMPs and proving the EDLC behavior'” (Fig. 5a and b). The
presence of the phenyl electrons besides the large surface areas
of the carbonyl-rich CMPs led to great CV curve coherence over
the whole scan rate potentials. Also, the abundance of nitrogen
and oxygen atoms and the distinctive morphologies of our
polymers significantly enhanced their pseudocapacitance, and
the facile electron mobility improved the contact with the
electrolyte. Moreover, the increasing of current densities by
raising the potential sweep rates from 5 to 200 mV s~ " showed
no changes in the semi-rectangular CV shapes, referring to fast
kinetics and high-rate capability.*>

The electrochemical storage properties of SCs are influenced
by both EDLC and faradaic redox reactions. In the CV analysis
of our PT-based CMPs, we observed two prominent redox peaks
in each case. BC-PT CMP showed two redox peaks at —0.62/
—0.58 Vand —0.29/—0.21 V while TPA-PT CMP showed peaks at
—0.62/—0.59 V and —0.19/—0.18 V against Hg/HgO due to
presence of sufficient redox active carbonyl groups. These peaks
indicate that redox processes significantly contribute to the
capacitance of these materials. To further clarify this point,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CV curves of (a) BC-PT, and (b) TPA-PT CMPs. GCD curves of (c)
BC-PT, and (d) TPA-PT CMPs, recorded at different current densities in a
three-electrode system.

the presence of these redox peaks demonstrates that the PT-based
CMPs undergo reversible redox reactions during the charge-
discharge cycles, enhancing their overall capacitance. The specific
potentials at which these redoxes occur suggest that certain
functional groups within the PT framework are actively participat-
ing in the electrochemical process. This behavior is characteristic
of faradaic reactions, where electron transfer occurs between the
electrode and the electroactive species in the polymer.

At a specific range of current densities (1.0-10 A g '),
triangular shapes for GCD curves with little curvature were
obtained for both BC-PT and TPA-PT polymers, demonstrating
the pseudocapacitive as well as the EDLC behavior.>® (Fig. 5c
and d) The specific capacities of the BC-PT and TPA-PT CMPs at
1.0 A g ' were 373 and 204 F g™, respectively (Fig. 6a).

The greater capacitance of BC-PT CMP can be explained in
terms of its larger surface area (478 m” g~ ') compared to that of
the TPA-PT polymer (232 m> g '), which would enhance
the transfer of the electrolyte ions toward the surface of the
electrode material that finally led to improving the electroche-
mical reactions. Furthermore, the highest planarity of the BC-
PT CMP sheets compared to the TPA-PT CMP would promote
electron transportation throughout its structure and hence
enhance its electrochemical efficacy. The retention stabilities
of these electrode polymers over 5000 cycles at constant current
density (10 A g™ 1) were assessed. The cyclic stability for the
BC-PT and TPA-PT CMPs were measured to have values of
94.37 and 91.20%, respectively (Fig. 6b). Our two PT-linked
CMP electrodes had excellent electrochemical performance
compared to other porous organic materials (Table S3, ESIf).
According to Ragone plots, the energy and power densities of
the BC-PT CMP in the three-electrode system were 51.81 W h kg ™"
and 500 W kg™ ', whereas those corresponding to the TPA-PT CMP
were estimated to be 28.33 W h kg™ and 500 W kg™, respectively
(Fig. 6¢).

Mater. Adv.,, 2025, 6, 607-616 | 611
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specific current densities (1.0 to 20 A g~%). (b) Cycling stability at 10 A g~*
current density over 5000 cycles. (c) Ragone plots. (d) Nyquist plots of cells
with the as-synthesized polymers in a three-electrode system.

We recorded the electrochemical impedance spectroscopy
(EIS) of our polymers to find more information about the total
interior resistance of the system. The Nyquist plots showed the
resistance of the BC-PT and TPA-PT CMPs to be 22.7 and 28.1 Q,
respectively, offering smaller resistance and better capacitance
for our materials (Fig. 6d).

The excellent capacitive behavior for the two porous materials
was further confirmed using the frequency-dependent magnitude
Bode plots, which showed negative slopes at smaller frequencies,
and very small impedance at higher frequency ranges (Fig. S9a,
ESIt). The knee frequency at a 45° phase angle (equal capacitance
and resistance properties) was estimated using frequency-
dependent phase-angle Bode plots for the as-prepared CMPs.
The calculated knee frequencies for the BC-PT and TPA-PT CMPs
were 159.35 and 56.26 Hz, respectively, suggesting their great
performance for energy storage applications (Fig. S9b, ESIT).

Fig. S10 (ESIY) displays the Nyquist plots of both porous
polymers obtained using EIS in the three-electrode system. The
equivalent electric circuit includes components such as series
resistance (Ry), charge transfer resistance (R.), constant phase
elements for electric double layer capacitance (CPE-EDL) and
pseudocapacitance (CPE-P) behavior, along with a Warburg
element (Z), as shown in Fig. S10b (ESIt). The Nyquist plots
were fitted using the above equivalent electric circuit which
have been demonstrated in Fig. S10a (ESIT) as before and after
fitting for the three-electrode SCs. The ohmic impedance was
found to be 13.47 and 13.41 Q for the BC-PT and TPA-PT,
respectively.

The power law correlation (eqn (1)) between the current (i)
and scan rate (v) was utilized to evaluate the capacitive and
diffusive contributions of the BC-PT and TPA-PT CMPs in a
three-electrode system.’*">

i=a’ (1)
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Fig. 7 (a) and (b) log(i) versus log(v) plots of (a) BC-PT, and (b) TPA-PT

CMPs. (c) and (d) Relative contributions of the capacitive and diffusion-
controlled energy storage of (c) BC-PT, and (d) TPA-PT polymers, mea-
sured at various scan rates.

The factors “a” and “b” are constants, where “b” can be
obtained by plotting log(i) against log(v). The BC-PT CMP
exhibited b values of 0.749 and 0.397 for the anodic and
cathodic currents, respectively, (Fig. 7a) while the b values of
the TPA-PT polymer were 0.522 and 0.605 corresponding to the
anodic and cathodic currents, respectively (Fig. 7b).

The percentage contribution can be calculated using the
following eqn (2).>*>°

i(V) = kg + kpp'? (2)

The percentage contributions of capacitance and diffusion
at different scan rates are depicted in Fig. 7c and d. The results
demonstrated that the BC-PT CMP had the capacitive contribu-
tion of 56% at 200 mV s~ !, which decreased to 22% at lower
scan rate (10 mV s~ ). On the other hand, the TPA-PT polymer
displayed 34% capacitive contribution, which diminished to
10% at the same corresponding scan rates. According to these
findings, there is a coexistence of both capacitive and diffusion-
controlled processes for storing energy using a three-electrode
system.>® The comparative contributions of these currents
recorded at 10 mV s~ " are shown in Fig. S11 (ESI{). In addition,
the greater capacitive contribution of the BC-PT polymer is
comparable to that of the TPA-PT polymer which can be
explained in terms of its accessible morphology and larger
surface area.

For feasible implementation of the as-synthesized BC-PT
polymer as a device, its electrochemical behavior of symmetric
SCs (CR2032 coin cells) was evaluated, in which our CMP
functioned as the cathode and anode within SSCs. We mea-
sured the CV curves at different scan rates (50 to 200 mV s~ )
and GCD profiles at various current densities (1.2-2.0 A g™ ).
Almost all rectangular shapes of CV curves were obtained.
Electrode coherence was observed at a higher sweep rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) CV curves, (b) the corresponding GCD curves, (c) GCD specific

capacitances recorded at different current densities, and (d) Ragone plot of
the BC-PT CMP in the coin cell system.

potential providing enhanced rate capacities and kinetics as
well (Fig. 8a).

Fig. 8b presents the GCD profiles of the BC-PT polymer
which had an almost triangular shape with little curvature
within the discharge process, affirming pseudocapacitive and
EDLC behavior, consistent with the three-electrode system.
Again, similar to the three-electrode system, the GCD discharge
period was long compared to the corresponding charge period,
emphasizing their suitability for practical utilization. Moreover,
after the operation at specified current densities (1.2, 1.6, 1.8,
and 2.0 A g '), the coin device with the BC-PT polymer
demonstrated specific capacitances of 107, 88, 82 and
79 F g ', respectively (Fig. 8c). As shown in the Ragone plot
(Fig. 8d), at a value of 600 W kg, power density, the BC-PT
achieved an excellent energy density of 14.86 W h kg™, which
was a value comparable to other porous materials (Table 2). The
stability measurements for our synthesized redox-active BC-PT
polymer over 5000 cycles at fixed current density (10 A g~ ') were
tested, and the long-term cycling stability was confirmed by
providing capacity retentions of 97.69% (Fig. 9a). In addition,
the EIS and Nyquist plots of the BC-PT CMP revealed that the
internal resistance offered by its SSCs was 5.38 Q, proving lower
resistance and high conductivity of this polymer (Fig. 9b).

Furthermore, the frequency-dependent magnitude Bode
plots were applied to determine the resistance behavior, and
the frequency-dependent phase-angle Bode plots were utilized
to investigate the knee frequencies for the BC-PT CMP.
As represented in Fig. S12 (ESIf), this polymer exhibited a
negative slope line at lower frequencies, minimum resistance
at higher frequency range, and the estimated knee frequency at
45° phase angle was 105.83 Hz.

Fig. S13 (ESIY) also illustrates the Nyquist plots for the BC-PT
CMP in a two-electrode system. The equivalent electric circuit
utilized for fitting includes components such as R;, R,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison between the supercapacitive behaviour of the
synthesized PT-based SSC device with other reported SSC devices

Energy density Power density

Electrode Whkg") Wkg™) Ref.
Try-Ph-Th CMP 7.3 250 57
Try-Ph-Py CMP 11.7 250 57
PANI/NCNT 11.1 980 58
FC-CMPs/rGO 8 124 59
PANI/MWNT 18 313 60
N-CNFs/900 7.11 125 61
N-PCNFs/PSN 8.5 250 62
MCSF porous material 9.6 108.5 63
IHPNC/carbon nanotubes 8.7 195 64
BC-PT CMP 14.86 600 This work

(a) (b)
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97.69%

-
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Fig. 9 (a) Cycling retention recorded at 10 A g~ current density over
5000 cycles; (b) Nyquist plot of the BC-PT polymer in a coin cell.

CPE-EDL, CPE-P and Z,, as depicted in Fig. S13b (ESI}). The
Nyquist plot was fitted using the equivalent electric circuit
mentioned above, and the results are shown in Fig. S13a (ESI{)
before and after fitting for the SC devices. In the case of a
device, the ohmic resistance was significantly changed giving a
value of 3.43 Q. This value suggests that the porous polymer
possesses high electrical conductivity and can be an ideal
source as electrode materials for energy storage applications.
In summary, the EIS analysis of this porous material reveals
distinctive characteristics, demonstrating superior capacitive
performance of BC-PT CMP. These findings highlight the
importance of EIS in evaluating the electrical behavior of
porous polymers and optimizing their performance in energy
storage applications.

We performed calculations within the density functional
theory (DFT) framework with the Gaussian package.®® The B3LYP
exchange-correlation functional®®®® and the 6-31G basis set® were
used. The calculations allow for describing and estimating
structural and electrochemical characteristics of the utilized
monomers and their corresponding polymers. After construct-
ing the initial molecular geometries in Avogadro,”® we per-
formed full structure optimizations by DFT. The optimized
geometries, highest occupied molecular orbitals (HOMOs),
and lowest unoccupied molecular orbitals (LUMOs) of the
monomers and their corresponding polymers are shown in
Fig. S14 (ESIt). The optimized PT-2Br (C;6H404Br,) is a planar
molecule with a width and length of 0.719 and 1.098 nm,
respectively, while BC-4BO (C,;sHeoOsN,B,) (width, depth
and length are 1.291, 1.291 and 1.731 nm, respectively) and
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TPA-4BO (Cs4HegO3N,B,) (width, depth and length are 1.848,
0.590 and 1.874 nm, respectively) are not planar due to steric
hindrances. We note that the moieties of the monomer build-
ing blocks maintain their structure in the polymer models
confirming the rational behind the experimental synthesis
strategy.

Our computational model of the BC-PT CMP (C;60H72,016N5g)
is composed of four BC and four PT moieties and has a much
larger size with a width of 4.032 nm, length of 3.166 nm and
depth of 1.169 nm. The pore size was estimated at 2.429 and
2.463 nm. The model of the TPA-PT CMP (C;g4H;04016Ng)
consists of four linked PT and four TPA moieties. The opti-
mized structure of the TPA-PT CMP has similar extensions of
3.771, 1.292 and 4.058 nm in width, depth and length, respec-
tively, although the pore size has a more eccentric elliptical
character with estimated half axes of 2.982 and 2.277 nm.

For computational insights into pseudo-capacitors, the total
capacitance (Cy) can be written as the reciprocal values of the
sum of the reciprocal contributions, such as the quantum
capacitance (Cg4), EDL capacitance (Cp) taken the form 1/Cr =
1/Cq + 1/Cp. Our first principles calculation can shed light on
some impact of the atomic structure on the resulting total
capacitance using the Frontier orbitals, i.e. HOMO and LUMO,
the density of states (DOS) and a computed estimate of the
quantum capacitance. However, other factors and phenomena
at the micro and mesoscale such as the kinetic relation between
ions and pore sizes,”'””® and material/electrolyte interface
resistance can further impact Cp and Cr, which are beyond
the scope of DFT. Nonetheless, properties such as DOS from
first principles calculations can provide insights into possible
effects linked to structural changes. Here we focus on Cq
because of the overall similarity of the two CMPs to reason
for the observed differences in the capacitance. We adopted the
computation Cq = ¢*[*_D(E)Fr(E + p)dE as used for semi-
conductors or graphene’* where ¢ is the charge of an electron,
D(E) is the density of states and energy E, the thermal broad-
ening function Fr(E, u) = ——sech? (%) with k as Boltzmann
constant, T as temperature, and p = eU as the chemical potential
relating to the applied electrode potential U. The computed C, and
DOS are given in Fig. S15 (ESIY).

The computed energy levels of the HOMO (¢pomo) of the
TPA-PT and BC-TP polymers are rather different with —4.87 and
—5.94 eV, respectively, while the LUMO energies (eLumo) are
very similar with about —3.7 eV. The LUMO in the TPA-PT
polymer is localized and not distributed across the entire CMP
unit, while the BC-PT polymer’'s LUMO is somewhat more
delocalized at two locations in the polymeric system. The
HOMO and LUMO orbitals are shown in Fig. S14b and e,
S13c and f (ESIY), respectively. Still, the LUMOs in both CMPs
are located at the PT moieties that contain the redox active
carbonyl groups, while the HOMOs appear more delocalized
and are located at the BC or TPA moieties. Since both CMPs
appear similar in their LUMO energy and LUMO location, redox
processes affecting the pseudo-capacitance should be similar,
in particular, because it is expected that the electron insertion
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in redox processes is believed to occur at atoms associated with
the LUMO,”® although some contributions from electronic
relaxation effects could occur causing some differences in the
device performance as discussed for other organic redox-active
compounds.”® More distinct differences were observed for the
quantum capacitance. For a given p, the TPA-PT and BC-PT
CMPs show district differences. The BC-PT shows significantly
larger quantum capacitance for p larger than —0.5 eV, while
it is smaller for g below —0.5 eV. Notably, the quantum
capacitance at u = 0, ie. an electrode potential of 0 V, is
significantly (i.e. by a factor of 2.4) larger for the BC-PT than
for the TPA-PT. Note that a dependence on the position of the
Fermi energy remains. These differences result from their
different electronic structures including the HOMO-LUMO
gap, and the DOS extension beyond the frontier states for the
given energy window. Hence, details in the electronic structure
and in particular differences between TPA-PT’s and BC-PT’s Cq
could contribute to the experimentally observed different total
capacitance.

The as-synthesized polymeric electrodes possessed remark-
able electrochemical efficiency compared to other organic
electrodes in literature. For example, the in situ polymerization
of polytriphenylamine (PTPA) with MWCNT produced the
PTPA@MWCNT, which displayed efficient electrochemical
capacitance. The highest value was achieved up to 410 F g '
in 0.5 M H,SO, at a current density of 1.0 A g~ ', corresponding
to PTPA@MWCNT-4. Its two-electrodes SC had a specific capa-
citance of 216 F ¢~ " and cyclic stability of 71% after 6000 GCD
cycles.”” Also, the MWCNT@SACMP composite, which has been
synthesized by the Liao research group displayed a notable
capacitance of 594 F g~ ' when tested at a current density of
1.0 A g, incorporating 10 wt% of MWCNTs. When a symmetric
coin SC is constructed using MWCNT@SACMP, it demonstrates
an effective electrochemical capacitance of 254 F g~ ' with remark-
able stability of 84.38% even after 6000 cycles.”® In addition, the
same research team has prepared solid-state symmetrical-twisted
CNF@PTPA FSCs, which were confirmed to possess a great
specific capacitance of 398 mF cm™> with a great energy density
of 18.33 pW h em™? for utilization as flexible wearable devices for
storing energy.”” Moreover, the polyaminoanthraquinone-based
CMPs (PAQ) have been synthesized by the Thomas team through
Buchwald-Hartwig coupling polymerization. The PAQs demon-
strate an electrochemical capacitance of 576 F g~ ' using 0.5 M
H,S0;, in a three-electrode cell at a current density of 1.0 A g~ .
Impressively, they retain approximately 80-85% of their initial
capacitances after 6000 cycles. Asymmetric coin SCs with PAQs
represent a capacitance of 168 F g ' and an energy density of
60 W h kg~ at a power density of 1300 W kg~ within a potential
range of 0-1.6 V.%

Conclusions

In summary, we have provided a simple Suzuki coupling reaction
to construct two 2D-CMPs bearing the 2,7-dibromopyrene-
4,5,9,10-tetraone redox-active building block and examined

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their electrochemical performance as organic electrodes for
SCs. The BC-PT CMP was a more appropriate organic electrode
for storing energy owing to its chemical composition, higher
porosity, and effective pi-pi stacking in both bicarbazole and
pyrenone units, which led to capacitance efficiency and great
conductivity as well. After measuring their electrochemical
performance in a three-electrode system, the BC-PT CMP
showed superb electrochemical efficiency with an apparent
specific capacitance of 373 F g~ " at 1.0 A g, along with higher
GCD cyclic stability reaching 94.37% after 5000 cycles at
10 A g '. Furthermore, an outstanding energy density was
observed to be 51.81 W h kg~ " at 500 W kg~ " power density,
corresponding to the BC-TP CMP. Moreover, a two-electrode
system with the BC-PT CMP displayed a prime capacitance
(107 Fg ") at 1.2 A g, a high stability retention (97.69%) over
5000 cycles at 10 A g !, and an outstanding energy density
(14.86 W h kg™ ") at 600 W kg~ ' power density. The BC-PT CMP
was better than TPA-PT CMP as the electrode material because
of its larger surface area, bigger pore volume, greater planarity,
and high conductivity.
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