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ABSTRACT: Conjugated microporous polymers (CMPs), known
for their high specific capacities, exceptional cycling stability, and
outstanding rate performance, are being actively studied as
advanced electrode materials for energy storage applications. The
utilization of redox-active units in CMP materials in energy storage
exhibits substantial promise. Nevertheless, the influence of the
positioning of the redox-active region on the electrochemical
behavior and battery performance remains a topic of uncertainty.
Herein, we successfully created two CMPs using the Sonogashira−
Hagihara coupling method, specifically by including redox-active
azobenzene (Azo) moieties in the meta (m) and para (p) locations.
These CMPs are named Py-mAzo-CMP and Py-pAzo-CMP. To
produce them, we used precursor compounds (E)-1,2-bis(3-
bromophenyl)diazene (mAzo-Br2) and (E)-1,2-bis(4-bromophenyl)diazene (pAzo-Br2), combined with tetraethynylpyrene (Py-
T). Our primary focus was to investigate the impact of substituting the Azo unit at different positions. To assess the orientation of
molecules and the pores of these Py-Azo-CMPs, we conducted a thorough analysis, including BET isotherm measurements and
various spectroscopic and microscopic techniques. Our findings from TGA analysis indicated that these Py-Azo-CMPs exhibit a
moderate thermal stability. One remarkable discovery was the excellent electrochemical performance of Py-pAzo-CMP, which
displayed a capacitance of 142 F g−1 (determined at 1 A g−1), showcasing its exceptional capacitive properties. Despite operating at a
substantial current density of 10 A g−1, both Py-mAzo and Py-pAzo-CMPs exhibited remarkable long-term stability, retaining over
92% of their capacity even after 5000 cycles. These results underscore the potential of Py-pAzo-CMP as a dependable and enduring
choice for energy storage applications. Our findings highlight the significant promise of these Py-Azo-CMP materials and underscore
their suitability for useful applications, including electrical energy storage (EES).
KEYWORDS: Pyrene, Azobenzene, Sonogashira−Hagihara coupling, Conjugated microporous polymers, Supercapacitor,
Symmetric coin supercapacitor

■ INTRODUCTION
Energy exerts a profound impact on our quality of life and
underpins our societal and economic advancements.1,2 In a
world heavily reliant on energy, electrochemical technologies
for energy storage emerge as indispensable tools to combat the
depletion of fossil fuels.3−5 While various options are available
to meet these needs, such as harnessing sustainable energy
sources including wind, solar, and geothermal power, these
sources are not without limitations.6−10 They not only focus
on electricity generation but also grapple with resource
scarcity.5,11,12 Amid these considerations, supercapacitors
(SCs) have garnered considerable importance as promising
devices that hold energy due to their exceptional attributes.
Notably, they boast a high density of power, swift charge and
discharge capabilities, as well as extended durability through-
out their operational cycles.13,14

SCs have been devised to address the pressing challenge of
escalating energy consumption, a critical issue in our present
times. The driving force behind research in developing such
devices is the imminent exhaustion of fossil fuel reserves.
Supercapacitors, with their ecofriendly attributes, high specific
capacitance, rapid charge−discharge characteristics, and
promising energy storage capabilities, find extensive applica-
tions across various industries, notably in military applications
and the automotive sector, including electric vehicles. Super-
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capacitors have made significant strides in research and
technology, especially due to their improved energy density,
making them a more practical alternative to conventional
batteries.15−21

Supercapacitors (SCs) primarily store electrical charges
through two distinct mechanisms, which depend on the
underlying energy storage processes: non-Faradaic processes
based on electrochemical double-layer capacitance (EDLC)
and Faradaic pseudocapacitance mechanisms resulting from
reversible redox reactions occurring within the electrode
materials.5 Electrochemical double-layer capacitors (EDLC)
function by accumulating electrostatic charges at the interface
of the electrodes and the electrolyte, whereas pseudocapacitors
store energy by promoting rapid reactions at the electrode
surface, where Faradaic processes take place. The latter, thanks
to redox reactions, allows for the attainment of higher specific
capacitance values.22 Porous organic polymers (POPs) are
particularly intriguing to researchers in their continuous
pursuit of innovative materials due to their exceptional
characteristics, which include high porosity, adjustable pore
sizes, and substantial effective surface area in both two- and
three-dimensional forms.23−28

Porous organic polymers (POPs) exhibit diverse forms, with
one notable category being conjugated microporous polymers
(CMPs).23−28 These materials offer several benefits compared
with substitute microporous organic polymers, particularly
when compared to metal−organic frameworks (MOFs) and
organic frameworks with covalent bonds (COFs). Such
advantages encompass exceptional physical and chemical
stability, straightforward synthesis processes, vast surface
areas, and heightened microporosity.23−28 CMPs, a subset of
POPs, are amorphous materials that can form 2D or 3D
frameworks, enabling the linkage of building blocks in a π-
conjugated manner.29 They have gained significant attention
since their discovery by the Cooper group primarily due to
their intriguing characteristics, including microporous struc-
tures and versatile π-conjugation networks within the frame-
work.

These properties make CMPs highly promising for a broad
array in terms of applications, ranging from gas storage to
catalytic activities, renewable energy technologies, and metal
ion sensing.30−34 Additionally, the inclusion of heteroatoms
like adding nitrogen to the frameworks of microporous
conjugated polymers (CMPs) has been demonstrated as a
valuable strategy to improve the electrochemical behavior of
materials based on CMP.35,36 As building blocks, CMPs can
utilize a wide array of components, including basic aromatic
rings, multicyclic aromatics, derivatives of styryl, and
heterocyclic molecules. Active groups such as acetylene,
cyano, amino, aldehyde, iodine, boric acid, and bromine,
among others, can also be incorporated. Consequently, the
extensive range with respect to active groups and block units
significantly augments the style versatility of CMPs,
encompassing both their structural and pore attributes. This
makes CMPs a crucial platform for advancing innovative
organic porous polymers.37,38

CMPs, alongside covalent organic frameworks (COFs), have
gained popularity in electrochemical applications for energy
storage due to several reasons: (i) their capacity to easily
incorporate different compounds and electrode active spot
applications; (ii) their capacity to make charge transmission
easier, including penetration of electrolytes to control strain
and tension experienced during electrochemical reactions; (iii)

their capability to facilitate charge transfer through π-
conjugated frameworks; and (iv) their potential to construct
2D and 3D structures, extensive regions of surface, thus
enhancing the kinetics of electrochemistry. Moreover, the
simplicity of CMP construction and their adaptability,
featuring a range of redox-active moieties, make them highly
suitable for improving the performance of supercapacitors as
well as lithium-ion battery (LIB) enhanced reversibility and
cyclability.39

Azo compounds are organic species characterized by the
presence of azo (N�N) groups, and they are recognized as
intelligent materials due to their reversible redox activity40,41

and photosensitivity.42 These compounds are prized for their
ability to undergo a two-electron redox process involving the
N�N/NN moiety and their conjugation with aromatic
groups, making them valuable as high-capacity active materials
and rapid redox responses.40,41 It has been established that the
functionality and molecular architectures of electroactive
polymers can be tailored through the use of diverse monomers
and linkers.43 Furthermore, the connection points between
these elements can be strategically chosen to modify their
electrochemical and photophysical properties. One prevalent
approach in energy storage involves the incorporation of
reactive oxygen species within the backbone of conjugated
polymers. Conjugated materials have been intended to
modulate extended systems for electronic communication
and have benefited from the influential design principle of
meta- vs para-conjugation.44,45 Generally, para connectivity is
favored over meta connectivity because it results in a
minimized band gap and enhanced conductivity of electricity.
This preference arises from its electrical resonance that is
effective and a more planar layout, which fosters improved
intermolecular interactions.46,47 The para-conjugation design,
with its robust electronic communication and consequent low
bandgap, finds widespread use in applications such as light-
emitting devices and organic solar cells.44,48

To be more specific, in conjugated polymers, particularly
those with para-conjugation, the redox units interact
conjugatively and the polarons generated during initial electron
injection elevate the lowest empty molecular orbital energy.
This makes subsequent infusions of electrons, such as
bipolarons, challenging and causes their ability to reduce to
shift toward even more negative values. Coulombic charge
repulsion primarily accounts for this phenomenon. However,
recent findings suggest that polymers that have been
conjugated featuring “the side-chain redox units” can mitigate
charge repulsion and maintain firm electrical conductive
properties via the polymer’s main chain.49 The pyrene
component (Py) possesses a flat structure with an extensive
π-conjugation.50,51 Py is utilized to enhance charge transport
capabilities in organic semiconductors, where molecular
alignment is controlled through π-conjugated systems.52−56

In this investigation, we formulated Azo-CMPs based on the
use of pyrene as the central building block. We strategically
positioned the Azo moiety at both the m and p positions to
investigate its impact on supercapacitance performance.
Specifically, we synthesized both CMPs, Py-mAzo-CMP, and
Py-pAzo-CMP, through Sonogashira−Hagihara cross-coupling
reactions of mAzo-Br2 and pAzo-Br2 with Py-T, as well, with a
Pd catalyst present. Our comprehensive characterization
included examination in terms of their chemical compositions,
pore size diameters, morphological features, and thermal
stabilities. Subsequently, we evaluated the electrochemical
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productivity of these Py-Azo-CMPs in both a three-electrode
system and a coin-cell supercapacitor setup.

■ EXPERIMENTAL SECTION
Materials. Palladium tetrakis(triphenylphosphine) [Pd(PPh3)4],

4-bromoaniline (97%), 3-bromoaniline (98%), pyridine (99.8%),
CuBr (98%), potassium carbonate (K2CO3, 99.9%), methanol
(MeOH), bromine (Br2), chloroform (CHCl3), acetone
(CH3COCH3), triphenylphosphine (PPh3, 99%), pyrene (Py, 98%),
tetrahydrofuran (THF), anhydrous magnesium sulfate (MgSO4,
99.5%), copper(I) iodide (CuI, 99%), and other solvents were
purchased commercially from Sigma-Aldrich. 1,3,6,8-Tetrakis(2-
(trimethylsilyl)ethynyl) pyrene (Py-TMS) was prepared following
established protocols.57−61

Synthesis of (E)-1,2-Bis(3-bromophenyl)diazene (mAzo-
Br2). A 250 mL round-bottom flask was utilized to combine pyridine
(144 mL), CuBr (0.075 g), and 3-bromoaniline (3 g) with toluene
(75 mL). Using a magnetic stirrer, this mixture was stirred
continuously for a duration of 24 h at 60 °C. After the outcome,
the solution was permitted to reach room temperature before the
solvent was removed, and subsequently, flash chromatography was
carried out on the resulting residue utilizing a short silica gel column
using hexane. Subsequently, the product was dried and washed with
hexane, resulting in the isolation of the desired product, which
exhibited an orange solid (Scheme S1). Tm: 128 °C (Figure S1).
FTIR (cm−1, Figure S2): 3073, 1571. 1H NMR (ppm, Figure S3):
8.02, 7.95, 7.78, 7.59. 13C NMR (ppm, Figure S4): 153.44, 135.06,
132.33, 124.07, 123.26. HRMS (ESI, Figure S5): m/z [M + H]+ calcd
for C12H8N2Br2, 340.0063; found, 340.9108. Td10: 226.52 °C (Figure
S6).
Synthesis of (E)-1,2-Bis(4-bromophenyl)diazene (pAzo-Br2).

A mixture of pyridine (144 mL), CuBr (0.075 g), and 4-bromoaniline
(3 g) was combined with toluene (75 mL) in a 250 mL round-bottom
flask while being stirred with a magnetic stirrer. This gave the mixture
a stir at 60 °C for a duration of 24 h. The solution was then given time
to react before being cooled to room temperature. The solvent was
subsequently evaporated, and the resulting residue was subjected to
flash chromatography on a silica gel column. Afterward, the product

was dried and washed with hexane, resulting in the isolation of the
desired product, which exhibited an orange solid (Scheme S2). Tm:
210 °C (Figure S7). FTIR (cm−1, Figure S8): 3095, 1567. 1H NMR
(ppm, Figure S9): 7.70, 7.65. 13C NMR (ppm, Figure S10): 152,
133.42, 125.44, 123. HRMS (ESI, Figure S11): m/z [M + H]+ calcd
for C12H8N2Br2, 340.0063; found, 340.9108. Td10: 246.9 °C (Figure
S12).
Synthesis of 1,3,6,8-Tetraethynylpyrene (Py-T). Py-TMS

(3.18 g, 5.20 mmol) and K2CO3 (5.62 g, 40.8 mmol) were dissolved
together with MeOH (40 mL) and stirred for 1 day at 25 °C in a 50
mL round-bottom flask that had a neck. To remove K2CO3, 50 mL of
water was added to the reaction solution. After filtration and being
dried at 60 °C, the outcome of the brown precipitate was observed
(2.4 g, Scheme S3).
Synthesis of Py-mAzo-CMP and Py-pAzo-CMP. A dark-brown

solid of Py-mAzo-CMP (Figure 1a) was obtained by heating a mixture
containing 20 mL of DMF and Et3N, Py-T (250 mg, 0.84 mmol),
mAzo-Br2 (570 mg, 1.68 mmol), CuI (18 mg), PPh3 (26 mg), and
Pd(PPh3)4 (116 mg) at 110 °C for 72 h. Afterward, the obtained
solid, which was insoluble, was separated by filtration and subjected to
a series of washes with MeOH and acetone. The solid was then dried
at 100 °C for 24 h to yield the final product. Py-pAzo-CMP was
synthesized using the same procedure as Py-mAzo-CMP, with the
only difference being the replacement of mAzo-Br2 with pAzo-Br2.
This led to the development of a dark brown solid (Figure 1b). The
insolubility of Py-mAzo-CMP and Py-pAzo-CMP in organic solvents
like THF, EtOH, DMF, and MeOH is evident, as demonstrated in
Figure S13.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of mAzo-Br2, pAzo-

Br2, Py-mAzo-CMP, and Py-pAzo-CMP. In this study,
orange solid monomers, namely, mAzo-Br2 and pAzo-Br2, were
synthesized by reacting 3-bromoaniline and 4-bromoaniline
with pyridine and toluene, using CuBr as a catalyst (Schemes
S1 and S2). The FTIR analysis indicated that there are
aromatic C�H and C�C functional groups in both mAzo-Br2

Figure 1. Preparation of (a) Py-mAzo and (b) Py-pAzo-CMPs.
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and pAzo-Br2, with characteristic peaks that can be detected
within the spectral ranges of 3059−3073 cm−1 and 1567−1571
cm−1 (Figures S1 and S3). The proton aromatic signals were
observed at 8.02, 7.95, 7.78, and 7.59 ppm for mAzo-Br2, while,
for pAzo-Br2, they were detected at 7.83, 7.52, and 6.85 ppm.
Furthermore, the carbon aromatic resonances were identified
at 153.44, 135.06, 132.33, 124.07, and 123.26 ppm in the case
of mAzo-Br2, whereas, for pAzo-Br2, they were found at 152,
133.42, 125.44, and 123 ppm. We employed Sonogashira−
Hagihara couplings to synthesize Py-mAzo (Figure 1a) and Py-
pAzo-CMPs (Figure 1b) by reacting Py-T with mAzo-Br2 and
pAzo-Br2, respectively, at a temperature of 110 °C for a
duration of 3 days. This process yielded brown powders for
both Py-Azo-CMPs. The resultant Py-Azo-CMPs were then
thoroughly washed with organic solvents (DMF, MeOH, THF,
EtOH, and acetone) to eliminate any extra unreacted
monomers. ICP-OES measurements confirmed the existence
of residual Pd in Py-mAzo-CMP and Py-pAzo-CMP, with
estimated contents of 0.12 and 0.071 wt %, respectively. To
determine the identities of the Py-mAzo and Py-pAzo-CMPs,
FTIR and solid-state 13C NMR spectroscopies were employed.
The FTIR spectra of Py-mAzo and Py-pAzo-CMPs (Figure 2a)

showed distinctive asymmetric and symmetric vibration peaks
of the N�N functionality at 1433−1480 and 1094 cm−1 and
1464−1593 and 1157 cm−1, respectively, to corroborate the
polymer structures.62,63 Additionally, in the 13C NMR spectra,
two distinct peaks at 148 ppm were observed, corresponding to
carbon atoms involved in the C�N bonds of the Azo units
(Figure 2b). In the range of 120−134 ppm, resonances from
additional aromatic carbon atoms were found. Notably, the
presence of terminal and internal alkyne carbon units in both
Py-mAzo and Py-pAzo-CMPs was observed at 79.77 ppm,
confirming the successful completion of the Sonogashira−
Hagihara coupling between Py-T and the corresponding
brominated Azo compounds. Additionally, Py-mAzo and Py-
pAzo-CMPs were heated to temperatures between 40 and 800
°C for TGA (Figure 2c). At temperatures ranging from 321 to
191 °C, respectively, Py-mAzo and Py-pAzo-CMPs experi-
enced a 10% weight loss under the N2 atmosphere. Py-mAzo

and Py-pAzo-CMPs produced char yields of 72.14% and 64%
by weight, respectively, at 800 °C. These TGA results
indicated that the Azo-linked CMP materials possessed
enhanced thermal stability, making them promising candidates
for several uses. Since all of the created Py-Azo-CMPs had
some distinct crystalline peaks in their XRD profiles, it was
demonstrated that all of the Py-Azo-CMPs were semicrystal-
line (Figure 2d).

We conducted N2 adsorption and desorption studies at 77 K
to characterize the SBET, total pore volumes (Vtotal), and pore
size diameters of Py-mAzo and Py-pAzo-CMPs (Figure 3). For

Py-mAzo-CMP, we observed SBET and Vtotal values of 176 m2

g−1 and 0.36 cm3 g−1, respectively, while Py-pAzo-CMP
exhibited values of 279 m2 g−1 and 0.39 cm3 g−1, as depicted in
Figure 3a and b. For both Py-mAzo and Py-pAzo-CMPs, we
found pore diameters centered at 8.094 and 5.66 nm in their
pore size distribution profiles (Figure 3c and d). Notably, the
desorption processes of Py-mAzo and Py-pAzo-CMPs
exhibited noticeable hysteresis, indicating the presence of
mesoporous framework structures. Furthermore, the N2
isotherm profiles of Py-mAzo and Py-pAzo-CMPs displayed
type I and type IV curves in accordance with the IUPAC
classification, suggesting the presence of porous structures. The
disparity in the SBET surface area between Py-mAzo and Py-
pAzo-CMPs could be attributed to the molecular alignment of
Py molecules during the polymerization process, resulting in
varying degrees of polymerization. The nanoscale pore sizes
observed underscored the mesoporosity of the Py-Azo-CMP
frameworks.

SEM images of Py-mAzo-CMP and Py-pAzo-CMP reveal a
spherical morphology with varying degrees of aggregation, as
illustrated in Figure 4a−d. Furthermore, TEM images confirm
the presence of porous structures within Py-Azo-CMPs, as
shown in Figure 4e and f. The presence of dark spots in the
TEM images was attributed to either sample aggregation or the
presence of Pd nanoparticles within the Py-mAzo-CMP and
Py-pAzo-CMPs. Elemental mapping of Py-mAzo-CMP and Py-
pAzo-CMP, as depicted in Figure S14 through SEM-EDS
analysis, revealed the presence of carbon (C) and nitrogen (N)

Figure 2. FTIR (a), solid-state 13C NMR (b), TGA (c), and XRD (d)
profiles of Py-mAzo and Py-pAzo-CMPs.

Figure 3. (a and b) BET and pore diameter distribution (c and d)
profiles of Py-mAzo-CMP (a, c) and Py-pAzo-CMP (b, d).
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elements with uniform distributions across their surfaces. In
Py-mAzo-CMP, the atomic weights of C and N were measured
at 70.02 and 29.98, respectively, while, in Py-pAzo-CMP, they
were found to be 85.14 and 14.86, respectively.
Electrochemical Analysis of the Py-Azo-CMPs Frame-

work. We performed an electrochemical assessment of the Py-
Azo-CMPs in a KOH solution (1 M), employing galvanostatic
charge−discharge (GCD) and cyclic voltammetry (CV)
profiles. Figure 5a and b depict the curved CV for the
complete set of Py-Azo-CMPs, encompassing a wide range of
experimental conditions. We explored various scanning rates
within a range of 5−200 mV s−1 while maintaining a potential
window between −0.6 and 0.3 V. It is clear that all of the Py-
Azo-CMPs displayed an unusual quasi-rectangular form in
their CV profiles, regardless of the scan parameters employed.
This characteristic shape indicates the presence of electric
double-layer capacitance (EDLC), and the constancy of this
capacitance across the different scan rates suggests a stable
electrochemical performance. The CV profile of Py-mAzo-
CMP exhibits two distinct and significant redox peaks: one
oxidation peak at −0.37 V and another at −0.22 V, along with
a reduction peak at −0.44 V and another at −0.28 V. These
peaks, observed at 5 mV s−1, are associated with the reduction
in conjugation. Similarly, in the CV pattern of Py-pAzo-CMP,
we observe two prominent redox peaks�an oxidation peak at
−0.32 V and a reduction peak at −0.38 V. To further evaluate
the electrochemical capabilities of Py-mAzo and Py-pAzo-
CMPs, GCD measurements were performed. It was observed
that the oxidation−reduction processes may not fully respond
within shorter scan durations, as indicated by the CV patterns,
where the capacitance decreases as the scan rate increases.

Additionally, we examined the GCD curves and capacitance
profiles over several different current densities, ranging
between 1 and 20 A g−1 (Figure 5c and d).

These GCD curves exhibit a triangular shape with subtle
bends, indicative of both electric double-layer capacitance
(EDLC) and pseudocapacitance characteristics. At 1 A g−1,
both Py-mAzo and Py-pAzo-CMPs exhibited capacitances of
93 and 142 F g−1, respectively (Figure 6a). Particularly, Py-

pAzo-CMP demonstrated superior specific capacitance com-
pared to Py-mAzo-CMP, even at higher current densities.
Additionally, both Py-mAzo and Py-pAzo-CMPs displayed
longer discharging intervals than charging times, indicating
their high capacity.64−66 Higher capacitance resulted from the
slower scan rates, which gave the ions in the electrolyte enough
opportunity to interact with all of the active sites in the
charged materials.67−70 Conversely, faster scan rates facilitated
more rapid access of the electrolyte to the electroactive
components, leading to reduced capacitance. Additionally,
Table S1 provides a comparative analysis of the specific

Figure 4. (a−d) SEM and (e and f) TEM images of (a, b, and e) Py-
mAzo and (c, d, and f) Py-pAzo-CMPs.

Figure 5. Py-mAzo-CMP (a, c), Py-pAzo-CMP (b, d), and their
respective CV and GCD profiles were obtained in KOH (1 M).

Figure 6. (a) Specific capacitance, (b) cycling stability profile, and (c)
Ragone plot of Py-mAzo-CMP and Py-pAzo-CMP.
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capacitance values for Py-mAzo and Py-pAzo-CMPs in
comparison to previously reported materials employed in
supercapacitor applications, highlighting that our materials
exhibit a notably high specific capacitance. Both Py-mAzo and
Py-pAzo-CMPs exhibited impressive capacity retention during
5000 cycles, with retention rates of 94.63% and 93%,
respectively (Figure 6b). These results highlight the excellent
cycle durability of these materials, with Py-pAzo-CMP
demonstrating superior capacity retention compared to other
porous composites. The Py-mAzo and Py-pAzo-CMP frame-
works retained their spherical morphology even after under-
going 5000 cycles, as demonstrated in Figure S15.
Furthermore, the Ragone plot presented in Figure 6c allowed
for the determination of the energy densities of these materials.
Py-pAzo-CMP exhibited the highest energy density at 19.72
Wh kg−1, followed by Py-mAzo-CMP at 12.92 Wh kg−1.

We investigated the interface between the electrode and the
electrolyte by employing electrochemical impedance spectros-
copy (EIS) over a specific frequency range. To analyze the EIS
curves, we fitted them with an equivalent circuit composed of
multiple components, as illustrated in Figure 7a and b. The

following components make up this analogous circuit: Zw,
CPE-EDLC, CPE-P, and Rs. Upon examination, Py-mAzo and
Py-pAzo-CMPs exhibited initial series resistances, also known
as Ohmic resistance, measuring 31.6 and 13.8 Ω, as stated.
Among the two compounds, Py-pAzo-CMP displayed lower
resistance, indicating its beneficial characteristics as an
electrode material. Furthermore, the remarkable capacitive
performance of these porous materials is the frequency-
dependent magnitude when used as electrode materials for the
energy-related application Bode plot (Figure 7c). The knee
frequency, a crucial indicator of how rapidly electrode
materials function, was determined from the Bode plot of
the frequency-dependent phase angle (Figure 7d). The knee
frequency corresponds to the point at which the capacitive and
resistive characteristics of a material are balanced. Based on the

information shown in Figure 7d, Py-mAzo and Py-pAzo-CMPs
were discovered to have knee frequencies of 65.43 and 144.29
Hz, respectively. These outcomes show how versatile the
materials are as electrode materials for energy storage
systems.67−70

In our experiment, we utilized a CR2032 coin cell
comprising multiple components (including an anode,
cathode, separator, metal spring, top and bottom covers, and
electrolyte). Investigating the electrochemical behavior of a
symmetric supercapacitor was our main goal. In order to do
this, we made use of Py-Azo-CMP materials, which were
created especially for symmetric supercapacitor applications.
To evaluate the symmetric supercapacitors’ (SSCs) electro-
chemical performance, we performed CV measurements with
scan rates ranging from 5 to 200 mV s−1 throughout a broad
potential range of −0.4 to +0.4 V. Figure 8a and b show the

Py-Azo-CMPs’ final CV curves, which had rectangular forms
and peaks in the lower potential range. These characteristics
are indicative of supercapacitors that possess both EDLC and
pseudocapacitive behavior. Notably, as we increased the scan
rate, the electrodes demonstrated excellent stability, suggesting
enhanced charge−discharge capabilities and durable compo-
nents. Additionally, we evaluated the performance of the Py-
Azo-CMP electrodes by GCD tests, which were carried out at
current densities ranging from 2 to 10 A g−1 (Figure 8c and d).

The GCD profiles were almost triangular forms with a few
slight variations, emphasizing the advantageous interactions
between EDLC and pseudocapacitance in our system. We
determined that the Py-mAzo and Py-pAzo-CMPs exhibited
capacitances of 17 and 28 F g−1, respectively, at 2 A g−1

(Figure 9a). It is worth noting that the Py-pAzo-CMP
electrode outperformed the other CMPs in terms of
capacitance, likely due to its larger surface area, which
enhances ion mobility within the electrode. As depicted in
Figure 9b, the Py-mAzo and Py-pAzo-CMPs exhibited superior
retention, with a retention rate of 98.12 and 98.32% after 5000
cycles (measured at 10 A g−1). This improved stability can be
due to the incorporation of heteroatoms, which enhances the
connection between the electrolyte and the electrode, resulting
in enhanced capacity retention. Regarding energy densities, we

Figure 7. Electrochemical impedance spectrometry curves: (a)
Nyquist plots and (b) equivalent fitted circuit, (c) Bode plot of
frequency-dependent resistance (magnitude), and (d) Bode plot of
frequency-dependent phase angles of Py-mAzo-CMP and Py-pAzo-
CMP.

Figure 8. CV and GCD studies based on a symmetric coin cell for Py-
mAzo-CMP (a, c) and Py-pAzo-CMP (b, d).
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found that the Py-mAzo and Py-pAzo-CMPs exhibited energy
densities of 2.36 and 3.88 Wh kg−1, respectively, as shown in
Figure 9c.

The electronic structure of Py-Azo-CMPs has a significant
effect on their ability to store charge and their redox
characteristics. Therefore, we conducted density functional
theory (DFT) calculations using Gaussian 09W software at the
B3LYP/6-31G(d) level to explore the connection between
electronic structure and electrochemical performance. To
account for long-range and non-covalent interactions, we
incorporated the D3BJ dispersion correction. Additionally, we
determined the global minimum conformer for each molecule’s
ground-state geometry by examining their harmonic vibrational
frequencies. We used the same degree of theory to calculate
the molecular electrostatic potential (MESP), lowest un-
occupied molecular orbital (LUMO), and highest occupied
molecular orbital (HOMO) at optimized geometries. Figure
10 depicts the Py-mAzo and Py-pAzo-CMPs’ frontier
molecular orbitals. For these polymers to perform electro-

chemically, the degree of LUMO delocalization is crucial. In
both Py-mAzo and Py-pAzo-CMPs, the LUMO orbitals
exhibited significant delocalization, spanning across the
conjugated backbones. Furthermore, Py-pAzo-CMP, with its
para-conjugation design, demonstrated improved LUMO
delocalization and a narrower band gap. This design feature
enhances its electrochemical performance.

Figure 11 also illustrates the MESP analyses of Py-mAzo and
Py-pAzo-CMPs. The pronounced delocalization of charge
density reduces the concentration of negative charges at the
redox-active sites within CMPs. Faster ion diffusion and
electron transfer through the CMPs’ pores are made possible
by this reduction’s weakening of the electrolyte’s contact with
these active sites. In summary, these Py-mAzo and Py-pAzo-
CMPs have better electrochemical performance as a
consequence of their extended conjugation structures, smaller
band gaps, and highly delocalized LUMO distributions.

■ CONCLUSION
Using the simple Sonogashira−Hagihara coupling approach,
we successfully created redox-active Py-Azo-CMPs. Our work
aimed to evaluate how these Py-Azo-CMPs affected the
functionality of the electrode materials for supercapacitors.
The synthesized Py-Azo-CMPs exhibited favorable porosity,
specific regions of the surface, and char yield. According to our
electrochemical assessments, Py-pAzo-CMP exhibited impres-
sive capacitance values and remarkable cycle stability, enduring
even after undergoing 5000 cycles. This remarkable perform-
ance can be attributed to a combination of typical EDLC and
pseudocapacitance behavior. The exceptional performance of
Py-pAzo-CMP can be attributed mainly to its heteroatom
content and high specific surface area (SBET). With the
utilization of Py-pAzo-CMP, an impressive capacitance of 142
F g−1 was achieved. These porous Py-Azo-CMPs consistently
exhibited outstanding performance when used as electrode
materials in symmetric coin cells for supercapacitors, making
them highly promising contenders for electrode materials. In
summary, by leveraging the Sonogashira−Hagihara coupling
technique, it has become possible to design and construct Azo-

Figure 9. Capacitance (a), cycle stability (b), and Ragone plot based
on a symmetric coin cell for Py-mAzo-CMP and Py-pAzo-CMP.

Figure 10. HOMO/LUMO and energy levels for (a) Py-mAzo-CMP and (b) Py-pAzo-CMP.
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CMP materials featuring redox-active azo groups and
exhibiting favorable physical properties.
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