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ABSTRACT: Among energy storage devices, covalent organic
polymers (COPs) are the prime choice as active electrode materials,
which are held together by strong covalent bonds and offer notable
advantages such as high specific surface area and exceptional chemical
durability. However, certain COPs have limited conductivity and
underwhelming electrochemical properties, which hinders their
application in supercapacitors (SCs). To address these challenges, we
successfully synthesized two types of porous organic polymers, PyTB-
BBT COP and PyTB-Py COP, along with graphene oxide (GO) and
single-walled carbon nanotubes (SWCNTs) named PyTB-BBT COP/
GO, PyTB-BBT COP/SWCNTs, PyTB-Py COP/GO and PyTB-Py
COP/SWCNTs, respectively via physical interaction [π−π stacking interactions]. The PyTB-BBT COP and PyTB-Py COP were
initially prepared through a Schiff base reaction, using 4,4′,4″,4‴-(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetraaniline (PyTB-
4NH2) as a building block, which was reacted with 4,4′-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dibenzaldehyde (BBT-2CHO) for
PyTB-BBT COP, and with 4,4′,4″,4‴-(pyrene-1,3,6,8-tetrayl)tetrabenzaldehyde for PyTB-Py COP. The successful synthesis of
PyTB-BBT COP/GO, PyTB-BBT COP/SWCNTs, PyTB-Py COP/GO, and PyTB-Py COP/SWCNTs through π−π stacking
interactions were verified using TEM and photoluminescence (PL) measurements. Notably, compared to their pristine counterparts,
as well as PyTB-BBT COP/GO (5 wt %) and PyTB-Py COP/GO (5 wt %), the PyTB-BBT COP/SWCNTs (5 wt %) and PyTB-Py
COP/SWCNTs (5 wt %) hybrids demonstrate remarkable promise as supercapacitor electrode materials. They exhibit specific
capacitances of 185 and 342 F g−1 at a current density of 0.5 A g−1, retaining approximately 85% and 92% of their capacity after
10,000 cycles in a three-electrode supercapacitor setup. The outstanding electrochemical performance of the PyTB-Py COP/
SWCNTs (5 wt %) hybrid could be caused by three key elements: strong π−π stacking interactions of SWCNTs and PyTB-Py COP,
facilitated by the presence of two pyrene units in the PyTB-Py COP framework; the porous structure of PyTB-Py COP, which
improves ion transport; and the excellent electron conductivity provided by the SWCNTs.
KEYWORDS: pyrene, covalent organic polymers, graphene oxide, carbon nanotubes, π−π stacking, supercapacitor

■ INTRODUCTION
Energy storage devices like electrochemical supercapacitors
(SCs) fill the gap between traditional capacitors and
batteries.1−5 They offer several desirable characteristics,
including enhanced power density, rapid charging, low mass,
outstanding cycle life, and compact size. These attributes make
supercapacitors a promising candidate for next-generation
power devices.6−10 SCs complement the properties of fuel cells
and rechargeable batteries and are used in various applications,
such as electric vehicles, pacemakers, airbags, and backup
power systems. The performance of supercapacitors is
significantly influenced by the materials used for their
electrodes.11−15 A wide range of materials, comprising of
electrochemically active organic moieties, hydroxides, carbon-
based compounds, metal oxides and sulfides, have been

explored for use as supercapacitor electrodes. However, each
material presents its challenges. For example, the use of
inorganic materials requires mining, which can negatively
impact the environment. Furthermore, many carbon-based
materials may lack the efficiency, energy, and power densities
needed for high-performance SCs.16−20 Additionally, these
materials often suffer from reduced specific capacitance at
higher current densities. Consequently, substantial research
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efforts are focused on developing supercapacitor materials with
larger surface areas to enhance performance, particularly at
high current densities. This approach aims to improve energy
and power densities, providing SCs with the capability to
effectively meet the demands of various high-power
applications.21−24

COPs are π-conjugated networks held together by
irreversible aryl−aryl covalent bonds, providing them with a
unique structural resilience.25−30 This microporosity in COPs
remains stable even in challenging environments with water
vapor, acidic gases, or hydrocarbons, and under high pressures
and temperatures.31−34 Additionally, COPs materials exhibit
outstanding optoelectronic properties, high surface area, strong
visible−light activity, and excellent thermal stability.25−30

COPs are commonly synthesized using various chemical and
electrochemical methods, relying on accessible building blocks
that are interconnected through different coupling polymer-
ization reactions.25−30 These include Schiff base, Sonogashira−
Hagihara, Suzuki−Miyaura, and Yamamoto coupling reactions,
which allow for a wide array of structural designs.25−30 The
versatility of building blocks and reaction pathways in COPs
synthesis makes it possible to develop simple, scalable
processing methods, critical for practical applications. Con-
sequently, COPs are promising for energy storage, metal ion
sensing, gas separation, and adsorption, photocatalytic H2
production, and photoredox catalysis.35−41

Despite their promising properties, COPs materials typically
suffer from decreased stability and electronic conductivity,
which limits their applications. In SCs, COPs are often used as
precursors for microporous carbon electrodes through
pyrolysis, a process aimed at enhancing capacitance by
increasing conductivity. However, the resulting pyrolyzed
products exhibit limited cycling stability and capacitance,
showing minimal improvement over porous carbon materials
that are standard. An approach to enhancing porous polymer
capacitance incorporates several redox-active moieties, such as
nickel porphyrin, pyridine, and diaminoanthraquinone in the
polymer matrix.42−48 Although this approach introduces redox
behavior and a faradaic process, the overall capacitance of
porous polymers remains less due to inherently poor
conductivity. To address these issues, hybridizing COPs with
largely conductive carbon materials like CNTs, GO, and
activated carbon�has proven to be effective.49,50 GO and
SWCNTs are carbon-based materials widely used in electro-
chemical applications, each with distinct advantages and
limitations that influence their performance.49,50 GO is highly
regarded for its large surface area and ease of functionalization,
making it an excellent choice for ion storage in energy
devices.49,50 However, its relatively poor mechanical strength
and low electrical conductivity limit its durability and rate
performance. On the other hand, SWCNTs exhibit exceptional
electrical conductivity, mechanical robustness, and efficient ion
transport, making them ideal for high-rate and high-power
applications such as batteries and supercapacitors.49−52 While
GO excels in applications where surface interactions and
charge storage are critical, SWCNTs are better suited for
devices demanding rapid charge/discharge cycles and long-
term stability for example, through surface-initiated polymer-
ization, Tang et al. created a two-dimensional sandwich
structure made up of a monolayer of rGO and redox-active
CMPs integrated with ferrocene (Fc-CMPs). In a three-
electrode arrangement, they were able to achieve a faradaic
capacitance of 470 F g−1 at 0.5 A g−1.51 Similarly, using an

ultrasonication technique, Kuo et al., created a TBN-Py-CMP/
SWCNT hybrid, which produced a capacitance of 430 F g−1 at
0.5 A g−1.52 These examples highlight the effectiveness of CMP
hybridization with conductive carbon materials in significantly
enhancing electrochemical performance.

In this work, we successfully prepared novel pyrene-based
covalent organic polymers (pyrene-COPs), specifically PyTB-
BBT COP and PyTB-Py COP, through a Schiff-base
condensation reaction. PyTB-BBT COP was obtained by
reacting PyTB-4NH2 with BBT-2CHO, while PyTB-Py COP
was synthesized using PyTB-4NH2 and Py-4CHO. We then
employed a straightforward method based on π−π stacking
interactions to create hybrids of PyTB-BBT COP and PyTB-
Py COP with GO and SWCNTs. The morphology and
chemical structures of the synthesized PyTB-BBT COP and
PyTB-Py COP were thoroughly analyzed using SEM, TEM,
and solid-state 13C NMR. Additionally, the dispersion of GO
and SWCNTs within the PyTB-BBT COP and PyTB-Py COP
frameworks was confirmed through TEM and PL analyses. We
evaluated the electrochemical performance of the pristine
PyTB-BBT COP and PyTB-Py COP and their hybrids with
GO and SWCNTs as SC electrode materials in a three-
electrode system. The electrochemical results revealed that the
PyTB-BBT COP/SWCNTs (5 wt %) and PyTB-Py COP/
SWCNTs (5 wt %) hybrids exhibit excellent potential as SC
electrodes, with specific capacitances of 184 and 341 F g−1 at
0.5 A g−1. These hybrids retained approximately 85% and 92%
of their initial capacity after 10,000 cycles in the three-
electrode SC setup.

■ EXPERIMENTAL SECTION
Materials. 2,1,3-Benzothiadiazole (BBT), copper(I) iodide (CuI,

99%), potassium carbonate (K2CO3), 4-formylphenylboronic acid [4-
CHO-PhB(OH)2], 1,4-dioxane (DO), dichloromethane (DCM),
Pd(PPh3)4, methanol, acetic acid (AcOH), 4-ethynylaniline [4-TB-
PhNH2], triethylamine (Et3N), were ordered from Sigma-Aldrich and
Acros.
Synthesis of BBT-2CHO. In a reaction vessel, 4-CHO-PhB(OH)2

(22.6 mmol, 3.39 g), K2CO3 (60 mmol, 8.34 g), BBT-2Br53,54 (10.2
mmol, 3 g), H2O (50 mL), DO (100 mL), and Pd(PPh3)4 (0.12 g)
were combined. The mixture was stirred under nitrogen protection
and refluxed for 48 h at 100 °C. After the reaction, the organic solvent
was removed using a rotary evaporator, and the crude product was
extracted with DCM. The DCM solvent was then evaporated after the
organic phase had been dried on MgSO4. The resulting crude product
was purified through column chromatography using silica gel in
DCM, yielding a yellow solid (3.1 g). FTIR (cm−1, Figure S1): 3057
(Ar-CH), 2810, 2718 (CH�O), 1698 (C�O). 1H NMR (500 MHz,
ppm, δ, DMSO-d6, Figure S2): 10.13 (CHO), 8.3, 8.2.
Synthesis of PyTB-4NH2. In a 50 mL round-bottom flask, 4-TB-

PhNH2 (4.06 g, 34.8 mmol), Pd(PPh3)4 (0.23 g, 0.06 mmol), and
CuI (0.06 g, 0.29 mmol) and Py-4Br (3 g, 5.8 mmol) were combined.
Next, DMF (81 mL) and Et3N (35 mL) were poured. The mixture
was degassed through three freeze−pump−thaw cycles, purged with
N2, and then stirred at 110 °C overnight. The reaction mixture was
cooled to room temperature and then filtered and mixed with water.
The resulting residue was washed with water and recrystallized in DO,
yielding an orange powder (2.84 g). FTIR (cm−1, Figure S3): 3378,
3210 (NH2), 3034, 2197 (C�C). 1H NMR (500 MHz, ppm, δ,
DMSO-d6, Figure S4): 8.5, 8.03, 7.3, 6.5, 5.5 (NH2). NMR (125
MHz, ppm, δ, DMSO-d6, Figure S5): 149.9, 133.1, 131.6, 129.9,
128.7, 126.3, 119.2, 114.1, 113.7, 98.6 (C�C) and 85.2 (C�C).
Synthesis of PyTB-BBT and PyTB-Py COPs. In a double-necked

flask, add PyTB-4NH2 (0.15 g, 0.24 mmol), either BBT-2CHO (0.17
g, 0.48 mmol) or Py-4CHO55,56 (0.15 g, 0.24 mmol), along with 7
mL of n-butanol, 7 mL of 1,2-dichlorobenzene (DCB), and 1 mL of
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AcOH (6 M). Using a vacuum pump, perform three air exchanges,
then seal the reaction vessel. Then, the mixture temperature slowly
increased to 120 °C and refluxed for 3 days. After completion, the
resulting product was sequentially immersed with THF, methanol,
and acetone to obtain PyTB-BBT COP as a dark red powder (yield:
80%) and PyTB-Py COP (yield: 70%) as an orange solid.

■ PREPARATION OF PYTB-BBT AND PYTB-PY WITH
GO AND SWCNTS HYBRIDS

PyTB-BBT COP or PyTB-Py COP was blended with different
weight ratios GO [1, 2, 3, 4, and 5 wt %] and SWCNTs [1, 2,
3, 4, and 5 wt %] in 10 mL of THF. The hybrid mixtures were
sonicated for 4 h, followed by stirring at 25 °C for 24 h. Finally,
THF was evaporated under vacuum, yielding the hybrids:
PyTB-BBT COP/GO, PyTB-BBT COP/SWCNTs, PyTB-Py
COP/GO, and PyTB-Py COP/SWCNTs.

■ RESULTS AND DISCUSSION
Characterization of PyTB-BBT COP and PyTB-Py COP.

The synthesis of monomers BBT-2CHO and PyTB-4NH2 was
carried out using Suzuki and Sonogashira coupling reactions, as
illustrated in Scheme S1. Initially, BBT-2Br was coupled with
4-CHO-PhB(OH)2 in K2CO3 and Pd(PPh3)4, resulting in the
formation of BBT-2CHO as a yellow powder [Scheme S1a].
Subsequently, PyTB-4NH2 was produced as an orange powder
by reacting Py-4Br with 4-TB-PhNH2, utilizing CuI, K2CO3,
and Pd(PPh3)4 as catalytic agents [Scheme S1b]. This stepwise
approach ensured the effective preparation of the desired
monomers with distinct colors and chemical characteristics.
Detailed FTIR and NMR analyses for both BBT-2CHO and
PyTB-4NH2 are presented comprehensively in the exper-
imental section. These analyses provide in-depth character-
ization, confirming the chemical structures and functional
groups of each monomer. Figure 1a,b illustrate the synthesis
pathway for PyTB-BBT and PyTB-Py COPs. These two
pyrene-based COP were prepared through a Schiff base

reaction by reacting PyTB-4NH2 with BBT-2CHO and Py-
4CHO, respectively. The reaction was conducted in n-butanol
and DCB as the solvent, with acetic acid serving as the catalyst,
at a controlled temperature of 120 °C. The resulting PyTB-
BBT and PyTB-Py COPs were thoroughly characterized using
FTIR and NMR spectroscopy. In Figure 1c, the FTIR spectra
PyTB-BBT and PyTB-Py COPs display a distinct absorption
peak at 2191 cm−1, signifying the presence of symmetric C�C
bonds and confirming the incorporation of alkyne groups
within their frameworks. Additionally, the spectra show an
absorption band in the 3047−3025 cm−1 region, correspond-
ing to the vibrational modes of aromatic C−H bonds. Solid-
state NMR spectroscopy further supports these findings,
PyTB-BBT and PyTB-Py COPs exhibiting characteristic
signals at 79 and 80 ppm, indicative of C�C bonds within
their structures.57,58 Additional peaks between 121 and 133
ppm confirm the C�C bonds associated with benzene ring
structures (Figure 1d). In addition, the carbon signals in the
ssNMR spectra of PyTB-BBT and PyTB-Py COPs, centered
around 180 ppm, are attributed to the terminal aldehydic
groups.21 Figure 1e presents the thermal stability profiles of
PyTB-BBT and PyTB-Py COPs, as determined by thermog-
ravimetric Analysis (TGA). Both PyTB-BBT and PyTB-Py
COPs maintain a stable weight up to approximately 300 °C.
PyTB-BBT COP shows a 5 wt % weight loss at 345 °C, while
PyTB-Py COP reaches a similar 5 wt % at 398 °C. In addition,
PyTB-BBT COP and PyTB-Py COP exhibit 10 wt % weight
loss at 378 and 545 and 378 °C, respectively. At 800 °C, the
Py-based COP materials show char yields of 63 wt % for
PyTB-BBT COP and 71 wt % for PyTB-Py COP, underscoring
their high thermal stability. X-ray photoelectron spectroscopy
(XPS) was utilized to analyze the elemental composition and
bonding ratios within the PyTB-BBT and PyTB-Py COPs.
Through peak deconvolution, we were able to identify and
quantify the specific functional groups associated with each

Figure 1. Methodology for preparing (a) PyTB-BBT and (b) PyTB-Py COPs. (c) FTIR spectra, (d) solid-state 13C NMR [* is the sideband of
solid-state NMR], and (e) TGA analyses of PyTB-BBT and PyTB-Py COPs.
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element, as shown in Figure 2a−f. The XPS survey spectra for
both PyTB-BBT and PyTB-Py COPs, displayed in Figure 2a
and Table S1, reveal distinct peaks characteristic of carbon and
nitrogen. In particular, a peak around 285 eV is attributed to
carbon atoms, while nitrogen atoms are evident at approx-
imately 399.3 eV for both COPs. Additionally, in the PyTB-
BBT COP framework, a prominent peak at 166.5 eV indicates
the presence of sulfur atoms.59 This sulfur signal is unique to
the PyTB-BBT COP, highlighting the structural differences
between the two COPs. In the C 1s spectra of PyTB-BBT and
PyTB-Py COPs, the peaks at 285.10 and 285.32 eV correspond

to C−C/C�C and C−N/C�N bonds, respectively, as
shown in Figure 2b,e. In the N 1s spectra of PyTB-BBT
COP, nitrogen is present in three functional groups,with
binding energies for N−S, N−C, and N�C observed at 397.7,
399.8, and 401.5 eV, respectively.59 In contrast, the N 1s
spectrum of PyTB-Py COP shows two peaks at 399.4 and
401.03 eV, corresponding to N−C and N�C bonds,
respectively, as depicted in Figure 2c,f. Lastly, the S2P
spectrum for PyTB-BBT COP reveals a single peak at 166.3
eV, attributed to the S−N bond (Figure 2d). As indicated by
the XRD results shown in Figures S6 and S7, PyTB-BBT and

Figure 2. XPS survey and XPS fitting results of (a−d) PyTB-BBT COP and (a,e,f) PyTB-Py COPs.

Figure 3. (a) N2 sorption and (b) pore size curves of PyTB-BBT COP and PyTB-Py COP. (c−f) SEM and (g−l) TEM images of (c,d,g,h,i) PyTB-
BBT COP and (e,f,j,k,l) PyTB-Py COP.
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PyTB-Py COPs exhibit semicrystalline properties. To inves-
tigate the pore characteristics of the PyTB-BBT and PyTB-Py
COPs, we conducted nitrogen adsorption−desorption meas-
urements at 77 K, employing Brunauer−Emmett−Teller
(BET) analysis. The PyTB-BBT and PyTB-Py COPs display
type III and IV adsorption−desorption isotherms, respectively
according to the International Union of Pure and Applied
Chemistry (IUPAC) classification (Figure 3a). The BET
isotherm analysis of PyTB-Py COP reveals a hierarchical
porous structure, with a sharp uptake at low P/P0 (<0.1)
indicating abundant micropores. A gradual increase at high P/
P0 (>0.81) suggests moderate macropores, while capillary
condensation (0.45 < P/P0 < 0.95) and faint hysteresis loops
confirm well-distributed mesopores.9 The specific surface areas
of PyTB-BBT and PyTB-Py COPs are measured at 75 and 514
m2 g−1, respectively, while their corresponding pore volumes
are 0.38 and 0.71 cm3 g−1. Figure 3b presents the pore size
distributions obtained via BET analysis. PyTB-BBT COP
displays a distinct pore size at 2.2 nm. In contrast, PyTB-Py
COP exhibits a single, smaller pore size at 1.74 nm,
categorizing it predominantly as a microporous material.
This narrower pore size distribution in PyTB-Py COP, along
with its higher pore volume, explains why PyTB-Py COP
achieves a specific surface area nearly seven times greater than
that of PyTB-BBT COP. Figure 3c−l provide transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM) images of PyTB-BBT and PyTB-Py COPs. Figure 3c,d
display SEM images of PyTB-BBT COP, revealing a well-
defined lamellar structure, which contributes to its layered
morphology. In contrast, Figure 3e,f show the structural
features of the PyTB-Py COP framework, which consists of a
mix of flake-like and rod-like formations, indicating a more
varied architecture within the polymer matrix. TEM images in
Figure 3g−l further illustrate the morphology of PyTB-BBT
COP and PyTB-Py COP, showing that both materials form
into densely packed spherical aggregates. This spherical
aggregation enhances their distinct porous characteristics,
supporting the observed BET data and highlighting the unique
structural properties of these COPs.

Subsequently, PyTB-BBT COP and PyTB-Py COP were
each combined with 5 wt % GO and 5 wt % SWCNTs in THF,
forming the hybrids PyTB-BBT COP/GO (5 wt %), PyTB-
BBT COP/SWCNTs (5 wt %), PyTB-Py COP/GO (5 wt %),

and PyTB-Py COP/SWCNTs (5 wt %) through π−π stacking
interactions, as depicted in Figure 4a,b. As illustrated, both GO
and SWCNTs are dispersed within the PyTB-BBT COP and
PyTB-Py COP frameworks, indicating stable incorporation
within the matrix. To further validate the dispersion quality,
TEM imaging was performed on each hybrid [Figures 4c−h
and S8−S11]. The TEM images of PyTB-BBT COP/GO (5
wt %) and PyTB-Py COP/GO (5 wt %) [Figure 4c,d] revealed
areas of nonuniform dispersion and aggregation of GO within
the polymer frameworks.60 In contrast, the TEM images of
PyTB-BBT COP and PyTB-Py COP hybrids with 5 wt %
SWCNTs displayed highly uniform dispersion, demonstrating
enhanced compatibility and interaction between the COPs and
SWCNTs [Figure 4e−h].61−63

Figure 5a,b illustrate the PL emission spectra of pristine
PyTB-BBT COP, PyTB-Py COP, and their hybrids with 5 wt
% GO and 5 wt % SWCNTs under 365 nm excitation. The
spectra for both PyTB-BBT and PyTB-Py COPs show
prominent monomeric fluorescence peaks at 475 and 474

Figure 4. (a) Photos of PyTB-BBT COP, PyTB-BBT COP/GO (5 wt %), and PyTB-BBT COP/SWCNTs (5 wt %) in THF and (b) PyTB-Py
COP, PyTB-Py COP/GO (5 wt %), and PyTB-Py COP/SWCNTs (5 wt %) in THF. (c−h) HRTEM images of (c) PyTB-BBT COP/GO (5 wt
%), (d) PyTB-Py COP/GO (5 wt %), (e,f) PyTB-BBT COP/SWCNTs (5 wt %), and (g,h) PyTB-Py COP/SWCNTs (5 wt %).

Figure 5. (a) PL spectra of PyTB-BBT COP, PyTB-BBT COP/GO,
and PyTB-BBT COP/SWCNTs dispersed in THF and (b) PL spectra
of PyTB-Py COP, PyTB-Py COP/GO, and PyTB-Py COP/SWCNTs
dispersed in THF.
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nm, respectively, as well as excimeric fluorescence peaks at 578
and 598 nm, indicating the typical fluorescence behavior of
these pyrene-based COPs.

Upon incorporating GO into the PyTB-BBT COP and
PyTB-Py COP frameworks, the monomeric PL peaks were
completely quenched, while the excimeric PL peaks shifted
significantly, appearing at 627 nm for PyTB-BBT COP/GO
and 624 nm for PyTB-Py COP/GO. This shift in excimer
emission suggests a notable interaction between the pyrene
units and GO, altering the electronic environment of the
excimer states. In contrast, the PyTB-BBT COP/SWCNTs
and PyTB-Py COP/SWCNTs hybrids displayed only very faint
emission within the visible light region, indicating effective
energy transfer between the pyrene units and SWCNTs
(Figure S12). This reduced fluorescence can be attributed to a
quenching effect, likely due to the extensive interaction
between the pyrene units and SWCNTs, where the majority
of pyrene units are involved in π−π stacking with the
SWCNTs, thereby diminishing their PL emission.64

■ ELECTROCHEMICAL PERFORMANCE OF
PYTB-BBT AND PYTB-PY WITH GO AND SWCNTS
HYBRIDS

In a KOH electrolyte solution, galvanostatic charge−discharge
(GCD) and cyclic voltammetry (CV) experiments were used
to evaluate the electrochemical performance of PyTB-BBT
COP and PyTB-Py COP and their hybrids with GO [1, 2, 3, 4,
and 5 wt %] and SWCNTs [1, 2, 3, 4, and 5 wt %]. For the CV
analysis, a voltage range of −1 to 0 V was applied across scan
rates from 200 to 5 mV s−1. Figures 6a−f and S13−S16 display
the CV profiles for PyTB-BBT COP, PyTB-Py COP, and their
hybrids with GO and SWCNTs. Notably, the CV curves for

PyTB-BBT COP/GO, PyTB-BBT COP/SWCNTs, PyTB-Py
COP/GO, and PyTB-Py COP/SWCNTs show a quasi-
rectangular shape across all scan rates, suggesting a
predominantly double-layer capacitance (EDLC) behav-
ior.65−69 In contrast, the CV profiles of the PyTB-BBT COP,
and PyTB-Py COP [as shown in Figure 6a,d] display
prominent redox peaks at all scan rates, indicative of significant
pseudocapacitive behavior. Integrating GO and SWCNTs into
the PyTB-BBT COP, and PyTB-Py COP mitigates this
pseudocapacitive behavior by introducing π−π stacking
interactions, which reduce the redox activity of the PyTB-
BBT COP, and PyTB-Py COP. This structural modification
minimizes the pseudocapacitive contributions while enhancing
the EDLC mechanism. Nevertheless, a minor deviation from
the ideal rectangular shape persists in the CV profiles of the
PyTB-BBT COP/GO, PyTB-BBT COP/SWCNTs, PyTB-Py
COP/GO, and PyTB-Py COP/SWCNTs, attributed to the
coexistence of redox processes and intercalation pseudocapa-
citance alongside the predominant EDLC behavior. The
PyTB-based COP samples and their hybrids exhibit reversible
redox processes even at a high sweep rate of 200 mV s−1 at a
potential of −0.30 V [Figures 6a−f and S13−S16 ], owing to
the presence of electron-rich phenyl rings and redox-active
nitrogen and sulfur heteroatoms in their structural backbones.
The narrow gap between the oxidation and reduction peaks
suggests efficient electron transfer between the GC electrode
and the PyTB-based COP samples. Furthermore, the CV
curves retained their shape as the sweep rate increased, while
the current density rose proportionally [Figures 6a−f and
S13−S16], demonstrating straightforward kinetics and ex-
cellent rate capability.

Figure 6. CV curves of (a) PyTB-BBT COP, (b) PyTB-BBT COP/GO (5 wt %), (c) PyTB-BBT COP/SWCNTs (5 wt %), (d) PyTB-Py COP,
(e) PyTB-Py COP/GO (5 wt %), and (f) PyTB-Py COP/SWCNTs (5 wt %).
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The PyTB-BBT COP/SWCNTs and PyTB-Py COP/
SWCNTs demonstrate superior electrochemical performance
compared to the PyTB-BBT COP/GO, and PyTB-Py COP/
GO, likely due to enhanced conductivity and interaction with
the COP matrix. In GCD measurements, illustrated in Figure
7a,d, the PyTB-BBT and PyTB-Py COPs exhibit slightly
curved triangular shapes in their discharge profiles.68 This
curvature reflects the presence of pseudocapacitive behavior in
both COPs, which stems from faradaic redox reactions within
the material. Upon interaction of GO [1, 2, 3, 4, and 5 wt %]
and SWCNTs [1, 2, 3, 4, and 5 wt %] with PyTB-BBT COP,
and PyTB-Py COP (Figures 7b,c,e,f and S17−S20), this
pseudocapacitive behavior is substantially reduced, with GCD
curves appearing more linear, further confirming the dominant
EDLC mechanism in the hybrids.

The galvanostatic charge−discharge (GCD) measurements
for both PyTB-BBT COP and PyTB-Py COP, as well as their
hybrids with GO and CNT, were conducted across a range of
current densities from 0.5 to 20 A g−1 to evaluate their specific
capacitance [Figure 8a,b]. For the PyTB-BBT COP and PyTB-

Py COP, specific capacitances of 42 and 56 F g−1 were
measured at a low current density of 0.5 A g−1. However, with
a rise in current density to 20 A g−1, these specific capacitances
decreased to 13 and 8 F g−1, respectively. This drop in
capacitance with increasing current density is typical, as higher
current densities allow less time for ion diffusion within the
electrode, reducing the accessible active sites and thereby
decreasing the effective capacitance. Incorporating GO and
CNT into the COPs significantly enhanced their specific
capacitance at lower current densities, reflecting the beneficial
effects of these conductive additives. For instance, the PyTB-
BBT COP/GO (5 wt %) and PyTB-BBT COP/SWCNTs (5
wt %) hybrids exhibited specific capacitances of 80 and 185 F
g−1, respectively, at 0.5 A g−1. Furthermore, even higher
capacitance values were achieved in PyTB-Py COP/GO (5 wt
%) and PyTB-Py COP/SWCNTs (5 wt %) hybrids, with
specific capacitances of 85 F g−1 and an impressive 342 F g−1 at
0.5 A g−1, respectively (Table S2). This significant enhance-
ment can be attributed to GO and SWCNT’s superior
electrical conductivity and surface area, facilitating better

Figure 7. GCD curves of (a) PyTB-BBT COP, (b) PyTB-BBT COP/GO (5 wt %), (c) PyTB-BBT COP/SWCNTs (5 wt %), (d) PyTB-Py COP,
(e) PyTB-Py COP/GO (5 wt %), and (f) PyTB-Py COP/SWCNTs (5 wt %).

Figure 8. Specific capacitance profiles derived from GCD measurements for (a) PyTB-BBT COP, PyTB-BBT COP/GO (5 wt %), and PyTB-BBT
COP/SWCNTs(5 wt %). (b) Specific capacitance profiles PyTB-Py COP, PyTB-Py COP/GO (5 wt %), and PyTB-Py COP/SWCNTs (5 wt %).
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charge storage and faster electron transport within the COP
matrix. The enhanced π−π stacking interactions in the hybrids
also contribute to a more robust and efficient electrochemical

network, resulting in superior electrochemical performance.

Figure S21 summarizes the specific capacitance of PyTB-BBT

Figure 9. (a−c) Plots of log i vs log v and (d−f) analyses of the relative contributions of capacitive and diffusion-controlled charge storage
(recorded at various scan rates) for (a,d) PyTB-BBT COP, (b,e) PyTB-BBT COP/GO (5 wt %) and (c,f) PyTB-BBT COP/SWCNTs (5 wt %).

Figure 10. (a−c) Plots of log i vs log v and (d−f) analyses of the relative contributions of capacitive and diffusion-controlled charge storage
(recorded at various scan rates) for (a,d) PyTB-Py COP, (b,e) PyTB-Py COP/GO (5 wt %) and (c,f) PyTB-Py COP/SWCNTs (5 wt %).

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c00052
ACS Appl. Energy Mater. 2025, 8, 3764−3778

3771

https://pubs.acs.org/doi/suppl/10.1021/acsaem.5c00052/suppl_file/ae5c00052_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00052?fig=fig10&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


COP and PyTB-Py COP at various ratios with GO and
SWCNTs.

Following the electrochemical performance analysis, further
investigations were conducted to quantify the capacitive
contribution to the total charge storage using a power law,
described by eq 169

i avb= (1)

where represents the peak current, is the scan rate, and a and b
are constants. The value of b which is the slope obtained from
plotting log(i) versus log(v) provides insight into the
mechanism of charge storage. A slope of b = 0.5 suggests a
diffusion-controlled process, whereas a slope closer to b = 1
indicates a capacitive or surface-controlled process. Using this
approach, the charge storage capabilities of PyTB-BBT COP,
PyTB-BBT COP/GO (5 wt %), and PyTB-BBT COP/
SWCNTs (5 wt %) were analyzed. For the cathodic responses,
the calculated slopes were 0.9 for PyTB-BBT COP, 0.88 for
PyTB-BBT COP/GO (5 wt %), and 0.59 for PyTB-BBT
COP/SWCNTs (5 wt %), as shown in Figure 9a−c. These
values reveal that the pristine PyTB-BBT COP exhibits a
dominant capacitive behavior, with a slope close to 1.0,
indicative of a surface-controlled charge storage mechanism.
Incorporating SWCNTs in PyTB-BBT COP reduces the slope
to 0.59, suggesting a greater contribution from diffusion-
controlled processes. In contrast, the PyTB-BBT COP/GO (5
wt %) hybrid maintains a high slope of 0.88, indicating that
adding GO does not significantly diminish the capacitive
behavior. Similarly, the anodic slopes for PyTB-BBT COP,
PyTB-BBT COP/GO (5 wt %), and PyTB-BBT COP/
SWCNTs (5 wt %) are 0.6, 0.68, and 0.52; respectively, as
illustrated in Figure 9a−c. These values reflect a mix of
capacitive and diffusion-controlled processes,with PyTB-BBT
COP/GO (5 wt %) retaining a higher capacitive contribution
than PyTB-BBT COP/SWCNTs (5 wt %). For the PyTB-Py
COP and its hybrids, a similar power law analysis was
performed, as depicted in Figure 10a−c. The anodic and
cathodic slopes for PyTB-Py COP were determined to be 0.96
and 0.52, respectively, indicating a predominantly capacitive
charge storage with some diffusion-controlled contributions on
the cathodic side. The PyTB-Py COP/GO (5 wt %) hybrid
displayed anodic and cathodic slopes of 1.11 and 0.76,
respectively, indicating a very high capacitive response in the
anodic direction, with a slight shift toward diffusion control in

the cathodic process. Finally, the PyTB-Py COP/SWCNTs (5
wt %) hybrid exhibited anodic and cathodic slopes of 1.02 and
0.88, respectively, implying enhanced capacitive behavior in
both oxidation and reduction processes due to the addition of
SWCNTs. These results demonstrate that both GO and
SWCNTs incorporation can significantly impact the charge
storage mechanism, with GO generally maintaining higher
capacitive behavior, while SWCNTs tend to introduce more
diffusion-controlled contributions. In pseudocapacitive materi-
als, diffusion control typically predominates when slope b is
lower than or the same as 0.5, indicating a diffusion-limited
process. Even so, here charge storage mechanism is primarily
governed by surface or capacitive control. To further quantify
the contributions from surface and diffusion-controlled
processes, the percentage distribution of each component
can be calculated using eq 2.

i V k k( ) 1v 2v1/2= + (2)

In log (i) vs log (v) plot, k1 represents the slope, and k2 is
intercept of the fitted line. Percentage distribution for the
surface-controlled charge storage in PyTB-BBT COP, PyTB-
BBT-COP/GO (5 wt %), and PyTB-BBT COP/SWCNTs is
illustrated in Figure 9d−f). At a lower scan rate of 5 mV s−1,
PyTB-BBT COP exhibits a 56% surface-controlled contribu-
tion, indicating that just over half of the charge storage is
capacitive at this rate. As the scan rate increases to 200 mV s−1,
surface-controlled contribution rises to 89%, reflecting a
stronger capacitive response at higher rates due to more
accessible surface sites that facilitate faster charge storage. For
the hybrids, the surface-controlled distribution is notably
enhanced.70 PyTB-BBT COP/SWCNTs (5 wt %) show a 76%
surface-controlled contribution at 5 mV s−1, which increases to
95% at 200 mV s−1. Similarly, PyTB-BBT COP/GO (5 wt %)
displays a 57% surface-controlled distribution at 5 mV s−1,
rising to 89% at 200 mV s−1, showing that GO incorporation
also enhances the surface-controlled mechanism. A comparison
with the PyTB-Py COP series reveals similar trends, as shown
in Figure 10d−f. At 5 mV s−1, the surface-controlled
contributions for PyTB-Py COP, PyTB-Py COP/GO (5 wt
%), and PyTB-Py COP/SWCNTs (5 wt %) are 54%, 60% and
69%, respectively. As the scan rate increases to 200 mV s−1,
these surface-controlled contributions rise to 88%, 90%, and
93%, respectively. This increase in higher scan rates indicates

Figure 11. (a) Capacitance retention profiles for PyTB-BBT COP, PyTB-BBT COP/GO (5 wt %), and PyTB-BBT COP/SWCNTs (5 wt %). (b)
Capacitance retention for PyTB-Py COP, PyTB-Py COP/GO (5 wt %), and PyTB-Py COP/SWCNTs (5 wt %).
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that the hybrids can maintain capacitive behavior while
accommodating faster charge−discharge cycles, a valuable
attribute for high-performance capacitors. To evaluate the
cycle life of the devices, both PyTB-BBT and PyTB-Py COPs,
along with their hybrids,were subjected to 10,000 charge−
discharge cycles at 10 A g−1. The capacitance retention rates
after cycling were 59%, 77%, and 85% for PyTB-BBT COP,
PyTB-BBT COP/GO (5 wt %), and PyTB-BBT COP/
SWCNTs (5 wt %), respectively and the capacitance retention
rates were 74% for PyTB-Py COP, 91% for PyTB-Py COP/
GO (5 wt %), and 92% for PyTB-Py COP/SWCNTs (5 wt
%), as illustrated in Figure 11a,b. Electrochemical impedance
spectroscopy (EIS) was employed to delve into the electro-
chemical characteristics of PyTB-BBT COP, PyTB-Py COP,
PyTB-BBT COP/GO (5 wt %), PyTB-BBT COP/SWCNTs
(5 wt %), PyTB-Py COP/GO(5 wt %), and PyTB-Py COP/
SWCNTs (5 wt %). This study utilized a three-electrode
configuration to assess key parameters, including impedance,
capacitance, and resistance, over a wide frequency range.
Figure 12a presents the experimental Nyquist plots for all
samples, while Figure 12d illustrates the corresponding data
fitted to an equivalent circuit model. The model comprises
components such as charge transfer resistance (Rct), series
resistance (Rs), a Warburg element (Zw), and constant phase
elements (CPE-P and CPE-EDL). The total resistance that the
electrolyte and cell components contribute is represented by
the series resistance (Rs), is relatively low across all samples,
with values of 13.29, 9.644, 12.57, 9.657, 8.831, and 28.94
ohms for PyTB-Py COP, PyTB-Py COP/SWCNTs (5 wt %),
PyTB-Py COP/GO (5 wt %), PyTB-BBT COP, PyTB-BBT
COP/SWCNTs (5 wt %) and PyTB-BBT COP/GO (5 wt %),

respectively, as shown in Table S3. The reduced Rs values,
especially for the PyTB-Py COP/SWCNTs (5 wt %), PyTB-Py
COP/GO (5 wt %), PyTB-BBT COP/SWCNTs (5 wt %),
and PyTB-BBT COP/GO (5 wt %) indicate enhanced
electrical conductivity due to the inclusion of conductive
additives. The nonoptimal capacitive behavior seen at the
electrode−electrolyte interface within the porous electrode
framework is explained by CPE-EDL and CPE-P. Meanwhile,
Zw models the ion diffusion process in the electrode, a
parameter that significantly influences the electrochemical
characteristics of supercapacitors. Bode plots, displayed in
Figure 12b, reveal a strong resistive response at higher
frequencies across all COPs and their hybrids, while at lower
frequencies, a descending slope indicates pronounced
capacitive behavior.

Furthermore, the phase-angle Bode plots (Figure 12c) reveal
knee frequencies due to electrode materials’ rate capability. All
samples exhibit similar knee frequencies, suggesting compara-
ble rate performance, an essential attribute for high-efficiency
supercapacitor electrodes. After 10,000 cycles, EIS was
conducted on PyTB-Py COP, PyTB-Py COP/SWCNTs (5
wt %), PyTB-Py COP/GO (5 wt %), PyTB-BBT COP, PyTB-
BBT COP/SWCNTs (5 wt %) and PyTB-BBT COP/GO (5
wt %), as depicted in Figure 13a,d, to assess changes in their
electrochemical properties after prolonged cycling. After
10,000 cycles, Rs values were recorded as 16.01, 9.824,
12.18, 10.5, 11.16, and 34.86 ohms, respectively, providing
insights into the stability of each sample (Table S4). The
PyTB-Py COP showed a moderate increase in Rs to 16.01
ohms, indicating relatively stable interfacial resistance with
only minor degradation over time. Notably, PyTB-Py COP/

Figure 12. EIS plots: (a) Nyquist plots and (b) bode plot of frequency-dependent resistance (magnitude), (c) bode plot of frequency-dependent
phase angles of PyTB-Py COP, PyTB-Py COP/SWCNTs (5 wt %), PyTB-Py COP/GO (5 wt %), PyTB-BBT COP, PyTB-BBT COP/SWCNTs
(5 wt %) and PyTB-BBT COP/GO (5 wt %) before cycling stability test and (d) equivalent fitted circuit.
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SWCNTs (5 wt %) maintained an Rs of 9.824 ohms, close to
its initial value, highlighting SWSCNTs’ role in preserving
conductivity and preventing resistance buildup during
extended cycling. The Rs for PyTB-Py COP/GO (5 wt %)
increased moderately to 12.18 ohms, remaining within an
acceptable range and suggesting that GO modification
effectively maintains low resistance, though not as efficiently
as SWCNTs. Similarly, PyTB-BBT COP exhibited an Rs of
10.5 ohms, indicating minimal degradation and solid stability
after extensive use. For PyTB-BBT COP/SWCNTs (5 wt %),
the Rs increased slightly to 11.16 ohms, underscoring CNTs’
effectiveness in preserving low resistance and stable electro-
chemical performance over time. In contrast, PyTB-BBT
COP/GO (5 wt %) demonstrated a significant Rs increase to
34.86 ohms, suggesting notable resistance accumulation and
potential material deterioration inside the electrode structure
or at the electrode−electrolyte interface after long-term
cycling. The Bode plot of frequency-dependent resistance
(Figure 13b) displayed behavior consistent with that observed
in the three-electrode setup, while frequency-dependent phase
angle Bode plots (Figure 13c) provided insight into shifts in
knee frequency, an important measure of rate performance.
After 10,000 cycles, the phase angles at lower frequencies
remained stable, indicating that rate performance was well-
preserved across the COPs and their corresponding hybrids.
Overall, PyTB-Py COP/SWCNTs (5 wt %), and PyTB-BBT
COP/SWCNTs (5 wt %) stand out as promising candidates
for long-term supercapacitor applications due to their stable
impedance profiles and minimal resistance increase over
time.69,70

Electrochemical performance of PyTB-BBT COP/SWCNTs
(5 wt %) and PyTB-Py COP/SWCNTs (5 wt %) evaluated
using symmetric coin cells The electrochemical properties of
PyTB-BBT COP/SWCNTs (5 wt %) and PyTB-Py COP/
SWCNTs (5 wt %) were evaluated using CV and GCD within
a positive potential window of 0 to 0.75 V in symmetric coin
cells. The CV profiles of both PyTB-BBT COP/SWCNTs (5
wt %) and PyTB-Py COP/SWCNTs (5 wt %), shown in
Figure S22a,b, were recorded at scan rates ranging from 10 to
200 mV s−1. The rectangular shape of the CV curves
demonstrates a significant electrochemical double-layer
capacitance (EDLC) behavior. Unlike batteries, which store
energy through chemical reactions, EDLC stores energy via
physical charge separation at the interface between the
electrode and electrolyte. This process draws ions from the
electrolyte to oppositely charged regions on the electrode
surface, forming an electric double layer (EDL). As the scan
rate increases, the specific current increases, as observed in the
CV profiles for PyTB-BBT COP/SWCNTs (5 wt %) and
PyTB-Py COP/SWCNTs (5 wt %). The voltage sweeps
linearly from the initial potential to the upper potential during
the oxidation phase and reverses during the reduction phase.
The area under the CV curve is a critical indicator of EDLC
performance, with a larger area corresponding to higher
capacitance. However, at lower scan rates, the specific current
decreases, indicating a reduction in capacitance. The GCD test
provides further insights into the supercapacitor’s performance.
During the charging phase, a steady current results in a linear
voltage increase, while the discharge phase features a linear
voltage decrease due to the reversal of current. The GCD

Figure 13. EIS plots: (a) Nyquist plots and (b) Bode plot of frequency-dependent resistance (magnitude), (c) Bode plot of frequency-dependent
phase angles of PyTB-Py COP, PyTB-Py COP/SWCNTs (5 wt %), PyTB-Py COP/GO (5 wt %), PyTB-BBT COP, PyTB-BBT COP/SWCNTs
(5 wt %) and PyTB-BBT COP/GO (5 wt %) after cycling stability test (10,000 cycles) and (d) equivalent fitted circuit.
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profiles, illustrated in Figure S22c,d at 1 to 5 A g−1, exhibit
ideal symmetric triangular shapes, indicating efficient ion
transport and reversible ionic adsorption/desorption processes.
The specific capacitance derived from GCD measurements was
137 F g−1 for PyTB-BBT COP/SWCNTs (5 wt %) and 155 F
g−1 for PyTB-Py COP/SWCNTs (5 wt %) at a current density
of 1 A g−1 (Figure S23a). However, this capacitance decreased
to 99 and 107 F g−1, respectively, as the current density
increased to 5 A g−1. The capacitance retention percentages for
PyTB-BBT COP/SWCNTs (5 wt %) and PyTB-Py COP/
SWCNTs (5 wt %) were 90% and 92%, respectively (Figure
S23b), highlighting their reliability and durability.

■ CONCLUSIONS
We successfully synthesized two COPs, PyTB-BBT and PyTB-
Py, using the primary building block PyTB-4NH2 in a Schiff
base reaction. Solid-state NMR and FTIR spectroscopy
confirmed the formation of both COPs and TGA results
demonstrated their high degree of cross-linking and out-
standing thermal stability, with PyTB-BBT and PyTB-Py COP
retaining 63% and 71% of their masses, respectively, at 800 °C.
TEM showed that both PyTB-BBT and PyTB-Py COPs
effectively dispersed SWCNTs, which subsequently enhanced
the capacitance of the hybrids in electrochemical experiments
performed using a three-electrode setup. Remarkably, PyTB-
BBT’s capacitance increased from 42 to 185 F g−1 at 0.5 A g−1,
while PyTB-Py COP’s capacitance surged from 56 to 342 F
g−1. This exceptional electrochemical performance of the
PyTB-Py COP/SWCNT hybrid is attributed to three main
factors: the excellent electron conductivity of SWCNTs, the
porous structure of PyTB-Py COP, which facilitates efficient
ion transport, and the strong π−π stacking interactions
between SWCNTs and PyTB-Py COP, enabled by the
presence of two pyrene units in the PyTB-Py COP framework.
The successful preparation of PyTB-Py COP and PyTB-Py
COP/SWCNT hybrids paves the way for innovative energy
storage materials. These hybrids, along with PyTB-Py COP
combined with other materials, hold significant promise for
advancing supercapacitor technology. As research progresses, it
is expected that more COPs will be discovered, offering new
possibilities for expanding the energy storage field and meeting
the growing demands of the industry.
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